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N O T I C E  

This report was prepared as an account of Government - sponsored work. 
nor the National Aeronautics and Space Administration (NASA), nor any 
NASA : 

( A )  

Neither the United States, 
person acting on behalf of  

Makes any warranty or representation, expressed or implied, wi th respect t o  the 
accuracy, completeness, or usefulness of the information contained in  th is  report, 
or that the use of  any information, apparatus, method, or process disclosed i n  th is 
report may not infringe privately-owned rights; or 

Assumes any l iab i l i t ies  with respect to the use of, or for damages resulting from the 
use of any information, apparatus, method or process disclosed in  this report. 

I ,  
As used above, person acting on behalf of NASA" includes any employee or contractor of  NASA, 
or employee of such contractor, to the extent that such employee or contractor of NASA, or employee 
of  such contractor prepares, disseminates, or provides access to, any information pursuant to h i s  
employment or contract with NASA, or his employment with such contractor. 

Requests for copies of th is report should be referred to: 

NASA Scientific and Technical Information Faci l i ty  
P.O. Box 33 
Col lege Park, Maryland, 20740 
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Inves t iga t ions  were conducted i n  support  of t h e  design, f a b r i c a t i o n  and 
development t e s t i n g  of var ious SNAP-8 components and system loops.  

Operation of a Hg forced-convection corrosion loop was conducted with 
t h e  aim of evaluat ing t h e  corrosion r e s i s t ance  of 9Cr-lMo a l l o y  s t e e l  ( t h e  
reference Hg containment ma te r i a l )  f o r  10,000 hour serv ice .  

Data were developed i n  a continued program t o  eva lua te  t h e  e f f e c t  of 
t he  sMP-8 turb ine  operat ing environment on S t e l l i t e  6 B  ( the  reference 
aerodynamic material ). 
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FORFWORD 

The u l t imate  objec t ive  of the  SNAP-8 Program i s  t o  design and develop a 
35-kw e l e c t r i c a l  generat ing system f o r  use i n  var ious space missions.  
power source w i l l  be a nuclear  r eac to r  furnished by the  Atomic Energy Commission. 
The SNAP-8 system uses a e u t e c t i c  mixture of sodium and potassium ( N a K )  a s  t h e  
r eac to r  coolant  and operates  on a Rankine cycle ,  with mercury as t h e  working 
f l u i d  for t he  turbogenerator.  The SNAP-8 system w i l l  be launched from a ground 
base and w i l l  be capable of unattended f i l l -power  operat ion f o r  a minimum of 
10,000 hours. Af t e r  t he  system i s  placed i n  o r b i t ,  a c t i v a t i o n  and shutdown may 
be accomplished by ground command. 

The 

The Mater ia l s  Program was under the  management of H. Derow, Head, 
Mater ia l s  Sect ion,  Technical Support Department, SNAP-8 Divis ion,  Von Karman 
Center. Pa r t  of t h e  work on t h i s  cont rac t  was  performed a t  Aerojet-General 
Nucleonics under t h e  d i r e c t i o n  of S. Nakazato, Liquid Metals Technology Depart- 
ment. The following engineers contr ibuted t o  t h e  var ious programs : 

A t  Von Karman Center - H. B l e i l  and F. Cassidy, 

A t  Aerojet-General Nucleonics - B. E. Farwell ,  A. Herdt,  J. Ralphs, 
M. Wong, D. Yee, E. Johnson, H. Boarman and L. Kimura. 

The suggest ions and guidance of W. T i tus ,  Metallurgy Department, Aerojet-  
General Nucleonics; and P. Stone, ~ 1 ~ p - 8  Tro jec t  Off ice ,  L,ewis  Research Center, 
NASA, are  g r a t e f u l l y  acknowledged. 

This Semiannual Mater ia ls  Report i s  submitted i n  p a r t i a l  f u l f i l l m e n t  of 
Contract No. NAS 5-417. It covers the  per iod from 1 January through 31 June 1966. 

Approved: 

\ SNAP-8 Divis ion 
- 

Aerojet-General Corporation 
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ABBFZVIATIONS AND TERMINOLOGY 

Abbreviations commonly used i n  t h e  SNAP-8 Program a r e  def ined below. 

A 

AGN 

ASTM 

BCC 

CL-4 

CML-1 
CTL-2 

FC c 
HCP 

Hg 
I D  

I R  

L/C 
LNL! 

Mix-4P3E 

NaK 

NPS 

OD 

ORNL 
PCS 

P/N 
PMA 

PNL! 

Rb 

RB 
RC 

Angstrom u n i t s  

Aero j e t  -General Nucleonics 

American Society for Testing Mater ia l s  

Body -centered cubic microstructure  

Corrosion loop 4 
Corrosion mechanism loop 1 

Component Test  Loop 2 

Face-centered cubic microstructure  

Hexagonal c 10s e packed microstructure  

Mercury 

Inner  diameter 

I n f r a  red 

Lubricant -coolant 

Liquid NaK loop 

B i s  (mix-phenoxyphenyl)ether, a mixture of s i x  poss ib le  
isomers of b i s  (phenoxyphenyl)ether, considered as a 
lubr icant -coolan t  for t h e  PCS 

Eu tec t i c  mixture of sodium and potassium 

Nuclear power system 

Outer diameter 

Oak Ridge National Laborator ies  

Power conversion system 

P a r t  numb e r 

Pump motor assembly 

Primary NaK loop 

Rub i d i m  

Rockwell B (hardness)  

Rockwell C (hardness)  
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SUMMARY 

Mater ia ls  work during t h e  f irst  h a l f  of t he  1966 calendar  year  provided 
data t o  guide t h e  s e l e c t i o n  of ma te r i a l s  for SNAP-8 system components. Metal- 
l u r g i c a l  a s s i s t ance  w a s  a l s o  provided i n  the  design, development, f a b r i c a t i o n ,  
and t e s t i n g  of t h e  system. 

PCS-1 Phase I V  S tep  2 

The wal l  thickness  of t h e  NaK containment pipes  i n  t h e  two gas - f i r ed  
NaK hea te r s  of t h e  PCS-1 Phase I V  test loop was determined by u l t r a s o n i c  pulse-  
echo technique. 
hours. 
June, 1965 (hea ters  had operated 970 hours between inspec t ions  ). 
use of t he  hea te r s  f o r  S tep  3 (of t he  PCS-1, Phase I V  sequence) t e s t i n g ,  with 
re inspec t ion  a f t e r  an a d d i t i o n a l  1000 hours of operat ion,  was recommended. 

Estimated remaining h e a t e r  l i f e  ranged from 6,200 t o  12,600 
General w a l l  th inning  occurred s ince  t h e  l a s t  previous inspec t ion  i n  

"he continued 

A d u c t i l e  f a i l u r e  of a l i qu id - l eve l  probe from t h e  PCS-1 Phase I V  primary 
NaK expansion tank during Step  1 operat ion occurred because t h e  probe w a s  
s t r e s sed  t o  i t s  u l t imate  s t r eng th  probably during i n s e r t i o n  and/or an  un- 
successfu l  attempt t o  remove it from the  tank. No ma te r i a l  de f i c i enc ie s  were 
detected.  Meta l l ic  fragments d id  not separa te  from t h e  probe during f a i l u r e ;  
however, it i s  est imated t h a t  0.0007 cubic inch of t h e  magnesium oxide in su la t ion  
separated from t h e  probe. No adverse e f f e c t s  on loop operat ion should r e s u l t  
from t h e  separa t ion  of t h e  in su la t ion .  

NaK contamination of t h e  Hg loop inventory was apparent ly  caused by 
ex te rna l  sources,  probably by t h e  use of previously contaminated NaK-exposed 
TSE components. 
was so low a s  t o  be considered not de t r imenta l  t o  continued use of t h e  Hg 
inventory . 

There was no apparent cross- loop leakage and t h e  NaK quant i ty  

Arcing of an e l e c t r i c a l  l i n e  h e a t e r  during a s t a r t u p  produced two ho le s  
i n  t h e  316 SS Hg vapor l i n e .  
a i r  i n t o  t h e  hot  l i n e  through t h e  holes  had oxidized t h e  i n s i d e  sur face  of 
t h e  l i n e .  The amount of oxidat ion w a s  apparent ly  dependent on t h e  varying 
temperature of t h e  metal  along i t s  length.  Some a r e a s  contained a loose  
f laky  oxide sca l e  while o thers  had a tenacious oxide coat ing.  Metallographic 
examination of a hot-spot a r ea  remote from t h e  a r c i n g  l o c a t i o n  and i n  a coo le r  
a r ea  of t he  loop ind ica t ed  t h a t  t h e  m a t e r i a l  was s a t i s f a c t o r y  f o r  continued use.  
No indica t ions  of g r a i n  growth, i n c i p i e n t  mel t ing,  or subsurface or i n t e r -  
g ranular  oxidation were ev ident .  

Visual examination revealed t h a t  t h e  i n f l u x  of 

Corrosion occurred i n  seve ra l  316 SS pressure  t a p s  t h a t  had operated i n  
The cor ros ion  r a t e  i s  est imated a t  10.6 the  Hg-vapor sec t ion  of t he  Hg loop. 

t o  14.2 m i l s  per  1000 hours.  
3350 hours. 
appeared t o  be i n s u f f i c i e n t l y  r e s i s t a n t  t o  Hg corrosion.  
s t e e l  was recommended. 

Extrapolated a n t i c i p a t e d  t o t a l  l i f e  i s  2500 t o  
The material w a s  exposed t o  continuous Hg vapor re f lux ing  and 

A change t o  9Cr-Wo 
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The f a i l u r e  of two 316 SS themowells  i n  t h e  Hg vapor l i n e  was a t t r i b u t e d  
t o  t h e  incompat ib i l i ty  of indium, a hea t - t r ans fe r  medium used i n s i d e  t h e  we l l ,  
and 316 SS, t h e  w e l l  mater ia l .  
th inning  and eventual  wa l l  penetrat ion.  It was recommended t h a t  t h e  use of 
indium i n  316 SS themowel l s  be discontinued and t h a t  o the r  ma te r i a l s  or methods 
t o  provide t h e  required s e n s i t i v i t y  and response i n  temperature measurement be 
inves t iga ted .  

The mode of f a i l u r e  was loca l i zed  I D  w a l l  

Analysis of mix-4P3E samples removed from t h e  L/C loop a f t e r  t h e  1 4  
February shutdown indica ted  t h a t  t h e  f l u i d  was acceptable  for continued use.  
The spectrogram, isomer d i s t r i b u t i o n ,  s p e c i f i c  g rav i ty ,  r e f r a c t i o n  index and 
v i s c o s i t y  of a dump-tank sample were within t h e  to le rances  spec i f i ed  f o r  new 
ma te r i a l  i n  t h e  mix-4P3E procurement spec i f i ca t ion  (AGC-10320). 

LNL -3 Post -Test Evalua t i on 

No me ta l l i c  mass- t ransfer  deposi ts  were found a f t e r  t h i s  NaK system had 
operated i so thermal ly  f o r  2655 hours a t  temperatures between 1125 and 1175'F, 
and an oxygen content of l e s s  than 30 ppm. Carbon migration occurred from t h e  
mild s t e e l  (0.020 i n .  maximum decarburizat ion depth)  t o  the  316 SS (0.010 i n .  
maximum carbur iza t ion  depth)  i n  t h e  system. 
s u f f i c i e n t  t o  de l e t e r ious ly  a f f e c t  loop operat ion should it be used f o r  addi -  
t i o n a l  NaK PMA t e s t s .  

The amount of t r a n s f e r  w a s  not 

General Test Operations Support 

A f i l t r a t i o n  procedure w a s  developed and successfu l ly  used t o  process 
approximately 1800 l b  of previously used NaK which had been removed pe r iod ica l ly  
from var ious  t e s t  systems. The processing produced NaK t h a t  conforms t o  t h e  
SNAP-8 procurement s p e c i f i c a t i o n  (AGC 10340). 

Turb ine  - A 1  t e mat o r  A s  s embl y 

Var ia t ions  i n  t h e  weld configurat ion from u n i t  t o  u n i t  were found i n  t h e  
s e a l  welds between t h e  HY-80 (low a l l o y  s t e e l )  t runnion r i n g  and t h e  m i l d  s t e e l  
case on f i v e  GE f ab r i ca t ed  prototype a l t e r n a t o r s  (P/N 094069). 
amount of weld f i l l e r  metal  used t o  complete t h i s  j o i n t  a l s o  appeared t o  have 
been va r i ed .  Chemical analyses  of f i l i n g s  from t h e  a l t e r n a t o r  s e a l  weld t h a t  
cracked i n  se rv i ce  ( S / N  481489) ind ica ted  t h a t  a l loy ing  due t o  mel t ing of 
t h e  parent  metals produced a weld composition which i s  hardenable. Weld 
hardening appears t o  be accentuated by t h e  c h i l l i n g  e f f e c t  of t h e  massive 
HY-80 t runnion  boss. A probable major f a c t o r  cont r ibu t ing  t o  t h e  f a i l u r e  
of t h i s  u n i t  w a s  t h i s  hardened, and consequently less d u c t i l e ,  metal  s t r u c t u r e .  
Chemical spo t  t e s t s  of t h e  o ther  fou r  a l t e r n a t o r s ,  which have not been t e s t e d  
a t  AGC, i nd ica t ed  t h a t  t h e  s e a l  welds i n  these  u n i t s  m i g h t  a l s o  be sub jec t  t o  
seal-weld cracking. The p o t e n t i a l  for cracking appeared t o  be a func t ion  of 
t h e  weld conf igura t ion  and weld f i l l e r  metal  used i n  each u n i t .  Since s t r e s s  
r e l i e v i n g  (a  weld-tempering hea t  t reatment)  of these  u n i t s  was not  p r a c t i c a l ,  
it was recommended t h a t  a multiple-pass overlay weld be deposi ted on t h e  
p re sen t  seal weld using Inco A f i l l e r ,  a metal t h a t  i s  nonhardenable and 

The type and 

x i  
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d u c t i l e .  It was recommended t h a t  f o r  fu ture  u n i t s ,  t h e  seal-weld design, ma- 
ter ia ls  se lec t ion ,  and f ab r i ca t ion  procedure should be reviewed t o  avoid non- 
d u c t i l e  welds. 

Transformation of S t e l l i t e  6B tens ion  and impact t e s t  specimens from FCC 
t o  HCP c r y s t a l l i n e  s t ruc tu re  f o r  t h e  determination of mechanical p rope r t i e s  w a s  
unsuccessful using the  previously es tab l i shed  standard thermal t reatment  (1650 '~  
f o r  4 hours followed by 1250°F fo r  48 hours ) .  
s l i g h t l y  (from RC 37 t o  39) and t h e  HCP content was w e l l  below t h e  required 
minimum (30% and 80% respec t ive ly) .  
pera ture  of 1450°F produces t h e  most rap id  transformation. Af te r  exposure of 
up t o  1100 hours, a l l  of t h e  impact specimens were s a t i s f a c t o r i l y  transformed 
and f i n a l  specimen machining was s t a r t e d .  
posed f o r  as long as 800 hours without acceptable r e s u l t s .  
t i nu ing .  

The hardness increased only 

Preliminary t e s t s  ind ica ted  a soak tem- 

The t e n s i l e  specimens have been ex- 
Exposure i s  con- 

Exposure of S t e l l i t e  6B and S-816 (a t  1065 and 1200°F r e spec t ive ly )  speci-  
mens w a s  continued t o  evaluate  t h e  meta l lurg ica l  s t a b i l i t y  of t hese  two turb ine  
aerodynamic cobalt-base mater ia l s .  The S t e l l i t e  6B w a s  t reated by sa l t -ba th  
quenching t o  1000°F from t h e  so lu t ion  annealing temperature, 2250°F, t o  sta- 
b i l i z e  t h e  FCC s t ruc tu re .  
3955 hours ( S t e l l i t e  6B) and 4275 hours (s-816) exposure. The S t e l l i t e  6B 
specimen exposed a t  1200°F transformed t o  t h e  HCP s t r u c t u r e  af ter  1710 hours.  
With t h e  cur ren t ly  es tab l i shed  meta l lurg ica l  knowledge it appears t h a t  S t e l l i t e  
6B transformation from FCC t o  HCP cannot be prevented a t  1200'F. 
cobalt-base a l loy ,  exhibi ted thermal s t a b i l i t y  after 4275 hours a t  1200°E. 

The two materials have proven stable a t  1065'F a f t e r  

S-816, another 

PH 15-7 Mo, a p r e c i p i t a t i o n  hardenable s t a i n l e s s  s t e e l  used f o r  t h e  
turb ine-a l te rna tor  assembly second-stage shroud, i n  t h e  TH 1050 condi t ion,  w a s  
found t o  be metal lurgical ly  unstable  a t  1 0 6 5 ~ ~ .  The material i s  not  recom- 
mended f o r  use i n  the  SNAP-8 t u rb ine .  Although stable a l loys  should be sub- 
s t i t u t e d  f o r  the  PH 15-7 Mo t h i s  material must be used i n  t h e  in te r im.  There- 
fore ,  a preassembly thermal t reatment  w a s  developed t o  produce meta l lurg ica l  
s t a b i l i t y  a t  the turb ine  opera t ing  temperature 1065'~. This  t reatment  i n -  
corporates  a 50-hour soak a t  1 0 6 5 ~ ~  of t h e  ma te r i a l  af ter  it has  been hea t  
t r e a t e d  t o  the  TH 1050 condition, but before f i n a l  machining has been performed. 

An Inconel 718 (n i cke l  base a l l o y )  t u rb ine  assembly r e t a i n e r  spr ing  was 
evaluated f o r  Hg corrosion e f f e c t s  af ter  117 hours of opera t ion  i n  t h e  S/N 
6/1 turb ine .  
d i r e c t l y  on the  spr ing)  appeared unaffected by t h e  Hg exposure ind ica t ing  t h a t  
n i cke l  components may be usable  i n  t h e  f i rs t  and second s t ages  of t h e  tu rb ine  
without ca tas t rophic  Hg corrosion.  

A p la ted  surface l a y e r  (pure n i c k e l  over i r o n  which w a s  p l a t ed  

A brazed j o i n t  developed f o r  connecting t h e  tu rb ine  assembly i n t e r s t a g e  
Pressure t a p s  was found t o  be me ta l lu rg ica l ly  s t ab le  af ter  exposure of samples 
a t  1000°F ( the  maximum opera t ing  temperature) i n  air  f o r  approximately 2000 
hours.  No detr imental  r eac t ion  occurred between t h e  Easy Flo  braze a l l o y  and 
e i t h e r  t h e  m i l d  s t e e l  pressure t a p  o r  9Cr-mo s t ee l  t u r b i n e  case represent ing  
t h e  S/N 5/2 turbine configurat ion.  
tu rb ine  t e s t s  of a t  l eas t  2000 hours dura t ion .  

The j o i n t  is  considered acceptable  f o r  

x i i  
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The remelt temperature of a brazed j o i n t  cons is t ing  of Easy Flo braze 
a l l o y ,  316 SS pressure t a p  and 9Cr-lMo s t e e l  tu rb ine  case,  represent ing t h e  
S / N  2/3 turb ine  configurat ion,  was es tab l i shed  as 1145'F, and rupture  of t h e  
j o i n t  required 47 p s i  ( l a p  shear  s t rength) .  
t h e  t aps  i s  p r a c t i c a l  should it prove necessary during S / N  2/3 turb ine  
assembly t e s t ing .  

Thus, it appears t h a t  removal of 

Boile r Evaluation 

The Hg i n l e t  plug from the  -1 b o i l e r  (P/N 092020-1F, S/N A-1) was 

Both t h e  mild steel rod and mild s t e e l  wire which 
examined as pa r t  of t h e  continued evaluat ion a f t e r  t h e  b o i l e r  operated for 
1425 hours i n  RPL-2. 
comprise t h e  plug were at tacked.  The maximum depth was 4.2 m i l s ,  measured 
1 f t - 4  i n .  from t h e  Hg i n l e t .  Both elements were a t tacked  a t  t h e  rod-wire 
i n t e r f a c e  ind ica t ing  Hg bypass flaw i n  t h e  a x i a l  d i r ec t ion  r a t h e r  than the  
h e l i c a l  path formed by the  wire. 

The twi s t ed  ribbon tu rbu la to r ,  located downstream of t h e  plug t o  maintain 
vapor vor tex  flow, had been s t r e s s  re l ieved of t h e  cold work s t r a i n s  imposed 
during twis t ing .  
produced t h e  e f f e c t .  The s t r e s s  re l iev ing  caused l o c a l  buckling of t h e  ribbon. 
The buckled a reas  ac t ed  as corrosion product t r a p s ,  containing l a r g e  accumula- 
t i o n s  of porous, dendr i t i c  mass-transfer buildup. The maximum buildup was 
3.3 m i l s  a t  46 ft-8 i n .  from t h e  Hg i n l e t .  

The b o i l e r  operating temperature, between 1100 and 1300°F 

It i s  estimated t h a t  a bo i l e r  of t h i s  type would have operated approximately 
This 11,000 hours,  based on penet ra t ion  a t t a c k  being t h e  l i f e  l i m i t i n g  mechanism. 

es t imate  i s  based on the  conservative assumptions of a 0.200-in. t h i c k  w a l l  
i n  t h e  a rea  of maximum a t t a c k  r a t h e r  than the cur ren t  0.090-in. w a l l  thickness;  
and t h e  l i m i t  of pene t ra t ion  def ining b o i l e r  l i f e  i s  through only t h e  added 
th ickness ,  0.110 i n .  

Corrosion Loop Program 

A parametric ana lys i s  of t h e  corrosion i n  t h e  preheat  s ec t ion  of t h e  
b o i l e r  was made t o  try t o  determine the design parameters t h a t  can be modified 
t o  reduce t h e  b o i l e r  corrosion r a t e .  

Mercury wet t ing capsule t e s t s  were s t a r t e d  t o  provide a procedure t h a t  
would a s su re  complete l o c a l  wet t ing of t h e  mercury containment tube i n  t h e  
b o i l e r .  

The o r i g i n a l  mercury b o i l e r  i n  corrosion loop 4 (CTL-4) was removed and a 
modified b o i l e r ,  designated 4A, was in s t a l l ed .  
t h e  e n t i r e  b o i l e r  i n l e t  plug s t r a i g h t  s ec t ion  can be removed and r ead i ly  replaced. 
The first of four  b o i l e r  i n l e t  plug t e s t  sec t ions  was i n s t a l l e d  i n  t h e  CL-4A 
b o i l e r  and operated t o  obtain mass - t ransfer  and hea t  - t r a n s f e r  data e 

This b o i l e r  w a s  designed t o  t h a t  

Work was i n i t i a t e d  on a single-phase l i q u i d  mercury loop designated corrosion 
The object ive of t h i s  loop i s  t o  determine t h e  mechanism mechanism loop 1 (CML-1). 

t h a t  con t ro l s  t h e  corrosion of 9Cr-lMo i n  mercury. 

x i i i  
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I. PCS-1 PHASE I V  STEP 2 

This loop i s  being operated t o  perform a 10,000-hour t e s t  on a system 
containing a l l  prototype SNAP-8 components with t h e  exception of t h e  nuc lear  
reac tor .  The r eac to r  i s  simulated by gas - f i r ed  NaK hea te r s .  The NaK primary 
loop of t h i s  system has operated for approximately 4200 hours. For t h e  f i r s t  
approximately 3000 hours,  t he  system c a r r i e d  t h e  designat ion FPL-2. 

A .  NaK PRIMARY LOOP 

1. Gas-Fired NaK Heater PiDe Evaluation 

Component and system tests a t  Aerojet-General use gas - f i r ed  
NaK h e a t e r s  t o  s imulate  the  nuclear  power system (NPS) concurrent ly  being 
developed by Atomics In t e rna t iona l .  Two elements of operat ion may be d e t r i -  
mental t o  t h e  se rv ice  l i f e  of t h e  NaK containment piping i n  t h e  hea te r s .  
F i r s t ,  t h e  pipe w a l l  th ickness  may be reduced by removal of i n t e r n a l  wa l l  
m a t e r i a l  by mass t r a n s f e r  - espec ia l ly  accentuated i n  NaK loops operated with 
a high oxygen content .  Second, oxidation of t h e  ex te rna l  pipe sur face  may be 
caused by exposure t o  t h e  h e a t e r  flame and a i r .  Cyclic loop operat ion,  hea t ing  
and cool ing,  can accentuate  t h e  oxidation r a t e  due t o  s p a l l i n g  of otherwise 
p r o t e c t i v e  oxide coat ing.  

The gas- f i red  NaK hea te r s  used i n  t h i s  system have experienced 
many thermal  cycl ing r e s t a r t s  and operated f o r  s l i g h t l y  less than 1000 hours with 
s i g n i f i c a n t  oxygen contamination following a primary loop massive NaK l eak ,  
Wall th ickness  measurements of t he  piping i n  two NaK hea te r s  were made t o  
ensure t h a t  oxidat ion and mass t r a n s f e r  had not unacceptably reduced t h e  pipe 
w a l l  th ickness ,  and t o  es t imate  add i t iona l  s a f e  operat ing l i f e .  

The wa l l  thickness  of t he  h e a t e r  NaK containment pipes  w a s  
determined by t h e  u l t r a s o n i c  pulse  echo technique. This repeated a s i m i l a r  
i n spec t ion  performed i n  June 1965 (Ref. 1). No d e f i n i t e  pa t t e rn  of th inning  
from t h e  NaK i n l e t  t o  t h e  o u t l e t  was observed; however, a genera l  wa l l  th inning  
had occurred during the  970 hours of operat ion s ince  t h e  previous inspect ion.  
Add i t iona l ly  t h e r e  i s  an  obvious inconsis tency i n  t h e  r e s u l t s  produced by t h e  
two approaches a s  we l l  as i n  t h e  comparison of t h e  cu r ren t  es t imates  and those  
prev ious ly  made i n  June 1965. 
s u f f i c i e n t  data and t h e  necess i ty  of making many assumptions. This i s  e spec ia l ly  
t r u e  of  t h e  June 1965 estimate when no base poin t  w a s  ava i lab le .  
survey ind ica t ed  an  estimated remaining h e a t e r  l i f e  of 9100 hours f o r  h e a t e r  1, 

"hese d i f f e rences  can only be a sc r ibed  t o  i n -  

The o r i g i n a l  

1 
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and 11,700 hours f o r  h e a t e r  2. 
was made using the  cur ren t  data, Table 1. The est imate  was based on the  w a l l  
th inning  ra te ;  however, t h i s  r a t e  va r i ed  depending on the  method of determination. 
Two approaches were taken. 
r a t e  determined from t h e  measured average w a l l  th ickness .  The r e s u l t  was 
est imated l i v e s  of 12,600 hours f o r  h e a t e r  1 and 7,200 hours f o r  h e a t e r  2. 
The second method was based on the  w a l l  th inning  r a t e  determined from t h e  
measured minimum wall thickness .  The r e s u l t  was est imated l i v e s  of approximately 
6,400 hours for heater  1 and approximately 6,200 hours f o r  hea te r  2. 

A reest imate  of a n t i c i p a t e d  remaining h e a t e r  l i f e  

The f irst  procedure was based on t h e  w a l l  t h inn ing  

Heater 2 exhib i ted  a g r e a t e r  average w a l l  th inning  than  h e a t e r  
1, f o r  reasons not apparent a t  present .  i 

It i s  concluded t h a t  t h e  hea te r s  a r e  s a f e  f o r  i n i t i a t i o n  of 
PCS-1 Phase I V  S tep  3 t e s t i n g ,  and t h a t  another  thickness  determinat ion should I 

be performed a t  a convenient t i m e  a f t e r  an  a d d i t i o n a l  1000 hours of operat ion.  
The next survey during Step  3 t e s t i n g  should provide s u f f i c i e n t  da ta  t o  confirm 
t h e  accuracy of t h e  cur ren t  estimate. 

2. Expansion Tank Liquid Level Probe 

Sheathed Chromel-Alumel thermocouples a r e  employed i n  t h e  
primary NaK loop (PNL) expansion tank  t o  i n d i c a t e  t h e  NaK l i q u i d  l e v e l .  
of t h e  probes had t o  be bent  during i n s t a l l a t i o n .  
a t  t h i s  time because it never functioned. During S tep  1 opera t ions ,  an  un- 
successfu l  attempt was made t o  remove t h i s  probe for examination. Af te r  
completion of t h e  S tep  1 t e s t i n g ,  it was determined t h a t  mechanical f a i l u r e  
of t he  probe had occurred and a s e c t i o n  of it had f a l l e n  i n t o  t h e  tank.  
ends of t h e  f a i l e d  probe were recovered and evaluated.  

One 
It apparent ly  was damaged 

Both 

a. Evalua t i on Resul ts  

F a i l u r e  had occurred ad jacent  t o  t h e  a r e a  where t h e  
probe was welded t o  a gusset .  The gusset  i s  intended t o  s t i f f e n  t h e  thermo- 
couple aga ins t  excessive f l e x i n g  and d i s t o r t i o n .  Below t h i s  l o c a t i o n  t h e  
co i l ed  thermocouple was r e l a t i v e l y  f l e x i b l e .  
matched s u f f i c i e n t l y  so t h a t  it may be presumed t h a t  metal  fragments were not 
missing. 
have undergone p l a s t i c  flow, as ind ica t ed  by reduced w a l l  th ickness .  The 
thermocouple wires were bent almost t o  t h e  po in t  of contac t ing  t h e  sheath 
i n  t h e  f a i l e d  a rea .  The wires were a l s o  necked down, i n d i c a t i n g  d u c t i l e  
f a i l u r e .  
w a s  missing from each s i d e  of t h e  f a i l u r e  (0.0007 i n . 3 )  and i s  presumed t o  
have been introduced i n t o  t h e  expansion tank.  

The ends of t h e  separa ted  sec t ions  

The f a i l e d  sheath a rea  appeared t o  have r e t a ined  d u c t i l i t y  and t o  

Approximately a 1/16-in. l ength  of t h e  magnesium oxide i n s u l a t i o n  

Microscopic examination of a s e c t i o n  through t h e  
This w a s  i nd ica t ed  by f a i l u r e  confinned t h a t  p l a s t i c  flow had occurred. 

e longated gra ins  a t  t h e  f a i l u r e  edge, t h e  presence of many s l i p  planes i n  
t h e  g ra ins  a t ,  and ad jacent  t o ,  t h e  f a i l u r e ,  and by a n  inc rease  i n  hardness 
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of both the  sheath and t h e  thermocouple wire produced by cold working during 
t h e  f a i l u r e .  
Rockwell hardness was + 45-50 a t  t h e  f a i l u r e  edge and RC 22 i n  a reas  remote 
from t h e  f a i l u r e .  
annealed ma te r i a l  (Rg  90 max). 
occurred during c o i l i n g  of t h e  probe. The cold-worked s t r u c t u r e  remained s ince  
t h e  probe was not annealed a f t e r  co i l ing .  This presumption i s  supported by t h e  
appearance of s l i p  planes i n  the  grains  remote from t h e  f a i l u r e .  

The micro-hardness of the  AIS1 316 SS sheath converted t o  

The l a t t e r  hardness i s  h igher  than  would be a n t i c i p a t e d  for 
However, t h i s  i s  due t o  t h e  co ld  working which 

No micros t ruc tura l  i nd ica t ions  of corrosion by t h e  NaK 
o r  of s e n s i t i z a t i o n  of t h e  316 SS were v i s i b l e .  This tends t o  i n d i s a t e  t h a t  
t h e  probe was probably not exposed t o  temperatures g r e a t e r  than  800 F i n  the  
expansion tank. 

b. Discuss ion 

It i s  evident  from t h e  r e s u l t s  of t h e  eva lua t ion  t h a t  
t h e  probe f a i l e d  because s t r e s s e s  were appl ied  which could not be e l a s t i c a l l y  
accommodated by the  me ta l l i c  mater ia l s  of t he  probe. The reported d i f f i c u l t y  
i n  i n s t a l l a t i o n  and removal of t h e  probe was probably t h e  major con t r ibu to r  t o  
t h e  f a i l u r e .  The loca t ion  of t h e  f a i l u r e ,  a t  a s t i f f e n i n g  poin t ,  i s  such t h a t  
only p l a s t i c  flow could produce s i g n i f i c a n t  movement. 
ment during t h e  above inc iden t s ,  t h e  u l t imate  s t r eng th  of the  ma te r i a l  was 
reached and f a i l u r e  occurred, 

I n  producing t h e  move- 

Based on f r e e  energies  of formation t h e  NaK w i l l  not 
decompose t h e  MgO i n su la t ion .  The p a r t i c l e  s i z e  of t h e  MgO which w a s  introduced 
i n t o  t h e  tank could be anywhere from 0.020 i n .  down t o  f i n e  powder depending on 
t h e  ex ten t  of fragmentation t h a t  occurred, However, t h i s  p a r t i c u l a t e  mat ter  
should not  cause problems with loop or component operat ion s ince  t h e  f i l t e r s  
w i l l  t r a p  any l a rge  p a r t i c l e s  and those t h a t  pass through t h e  f i l t e r  w i l l  be 
no l a r g e r  than t h e  maximum s i z e  corrosion and mass- t ransfer  prcducts which pass 
through t h e  f i l t e r .  

A s  a r e s u l t  of t h e  inves t iga t ion  it was recommended 
t h a t  t h e  f i t t i n g s  f o r  me ta l l i c  components should be designed s o  t h a t  t h e  f i t  
of p a r t s  i s  s u f f i c i e n t  t o  ensure aga ins t  unwanted p l a s t i c  deformation during 
assembly; and, t h e  thermocouple design should be reviewed t o  e l imina te  the  
area of  i n f l e x i b i l i t y  a t  t h e  re inforc ing  gusset .  

B. MERCURY LOOP 

1. Mercury Analysis 

a .  Organics 

During t h i s  repor t  per iod,  PCS-1 Phase IV Step  2 
t e s t i n g  w a s  s t a r t e d  and completed, 
t h e  SNAP-8 program t h a t  organic contamination can cause poor b o i l e r  performance. 

It had previously been demonstrated on 
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Organic contamination of t h e  Hg loop i s  poss ib le  by cross  t r a n s f e r  of t h e  mix-4P3E 

streaming of vacuum pump o i l  during evacuation of t h e  loop. 
shutdowns occurred f o r  various reasons during Step 2 operat ions.  Therefore, t o  
determine i f  organic contamination had occurred, Hg samples were taken whenever 
p r a c t i c a l  a f t e r  shutdowns and analyzed f o r  t h e  presence of organics .  While some 
organic content w a s  found i n  the  Hg dump tanks a f t e r  t h e  shutdowns, it was 
general ly  at  such a low l e v e l  t h a t  it was considered i n s u f f i c i e n t  t o  cause d i f f i -  
c u l t i e s  with bo i l e r  performance. This w a s  confirmed by good bo i l e r  performance 
each time t h e  loop was r e s t a r t e d .  After  t h e  second t o  t h e  last  shutdown, no 
samples were taken because of imminent r e s t a r t ,  The r e s t a r t  ind ica ted  t h e  b o i l e r  
was deconditioned and t h e  loop was shut down and dump tank samples were taken.  
Analysis of these samples indicated t h a t  r e l a t i v e l y  la rge  q u a n t i t i e s  of an organic  
had entered the  bo i l e r  and had caused t h e  deconditioning observed. 
t i o n s  were terminated with most of t h e  des i red  t e s t  data obtained. The Hg con- 
tainment port ions of t he  loop were cleaned t o  remove organic contamination p r i o r  
t o  t h e  i n i t i a t i o n  of Step 3 t e s t i n g .  

i n  t h e  turb ine  assembly and Hg pump-motor assembly (P-MA) space s e a l s ,  and by back- I 
Numerous Hg-loop 

Step 2 opera- 

(1) Analyses P r i o r  t o  Step 2 Operation 

P r i o r  t o  Step 2 operat ion of PCS-1 Phase I V ,  analy- 
s is  of samples taken from t h e  main Hg dump t ank  w a s  performed. The mercury it- 
self w a s  not contaminated with organics o r  a l k a l i n e  ma te r i a l  at a de tec t ion  l i m i t  
of 0.01 ppm by weight ( a l k a l i n i t y  ca lcu la ted  as potasspdm f o r  a l k a l i n e  metals), and 
t h e  Hg surface w a s  a l s o  f r e e  of organics .  The emergency dump tank  w a s  contaminated 
with an a l i p h a t i c  hydrocarbon. The organic present  i n  t h e  emergency dump tank  i s  
i so l a t ed  from the  loop, and so  it w a s  recommended t h a t  Step 2 operat ions be i n i t i -  
a ted  with t h e  Hg inventory and dump tanks as they were without cleaning. 

( 2 )  Analysis of Samples Taken During Shutdowns 
During Step 2 Operation 

The r e s u l t s  of t h e  organics  analyses  performed on 
samples of Hg taken during t h e  calendar time per iod of Step 2 operat ions a r e  
l i s t e d  i n  Table 2. These r e s u l t s  i nd ica t e  t h a t ,  except f o r  t h e  f i n a l  samples, 
a low l e v e l  of contamination of t h e  loop by mix-4P3E and an a l i p h a t i c  hydrocarbon 
occurred. 
and/or possibly carbonyl. 
a r e  the  same or d i f f e r e n t  organic groups) absorbs in f r a red  r a d i a t i o n  at 5.8 microns 
and from 7.9 t o  8.6 microns of t h e  in f r a red  spec t r a .  
group , R-C COR' absorbs in f r a red  r a d i a t i o n  a t  5.8 microns. 
present  with an e s t e r ,  it may not be poss ib le  t o  d i s t i n g u i s h  i t s  presence.  
I R  t r a c e  of t h i s  organic w a s  i d e n t i c a l  t o  t h a t  of Oc to i l ,  t h e  vacuum pump o i l  em- 
ployed i n  t h e  Veeco l eak  de tec to r .  
hydrocarbon w a s  not p r a c t i c a l  s ince  s t rong  in f r a red  absorpt ions occur a t  t h e  same 
wave lengths  as f o r  t h e  Octoil-type organic de t ec t ed .  A l ipha t i c  hydrocarbons 
(i  .e. ,  open-chain hydrogen-carbon compounds vs aromatic , or r ing-chain hydro- 
carbons) r e f e r  here t o  those hydrocarbons , conta in ing  only hydrogen and carbon , 
t h a t  absorb inf ra red  r a d i a t i o n  i n  t h e  3.4 micron (CH2 and CH3 r a d i c a l s ) ,  6.9 m i -  
cron (CH2 r a d i c a l )  and 7.3 micron (CH 
pump o i l s  l i k e  Duoseal. Oc to i l  contains  CH2 and CH3 r a d i c a l s  i n  add i t ion  t o  t h e  

The samples taken on 16 March 1966 indica ted  t h e  presence of an e s t e r  
The e s t e r  func t iona l  group R-C ".O - R '  (where R and R '  

The carbonyl f 'unctional 
Thus , i f  carbonyl i s  

The 

Analysis f o r  t h e  presence of t h e  a l i p h a t i c  

r a d i c a l )  wavelengths, similar t o  vacuum 2 
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ester func t iona l  group and, t h s ,  absorbs i n f r a r e d  r a d i a t i o n  i n  t h e  a l i p h a t i c  
hydrocarbon wavelength as w e l l  as i n  the es te r  wavelengths. Therefore t h e  pres-  
ence of an a l i p h a t i c  hydrocarbon, i f  any w a s  present ,  was completely masked. 

The only apparent p o t e n t i a l  source of O c t o i l  is  
t h e  vacuum pump i n  t h e  l e a k  de tec to r ;  it w a s  recommended t h a t  extremely c lose  
care be taken i n  maintaining t h e  cold t r a p s  and t h a t  c t h e r  poss ib l e  sources of 
t h i s  organic contamination be invest igated.  

After each of t h e s e  analyses was performed, it was 
I n  each case,  recommended t h a t  Hg operat ion be continued without loop cleaning. 

t h e  r e s t a r t  of t h e  system and good b o i l e r  performance confirmed t h e  v a l i d i t y  of 
t h e  recommendation. 
observed p r i o r  t o  t h e  f i n a l  ana lys i s  caused degradation of b o i l e r  performafice 
within t h e  limits of d e t e c t a b i l i t y  by the  t e s t  instrumentation. 

It does not appear t h a t  organic contamination i n  t h e  amounts 

( 3 )  Analysis of Hg Samples from D u ~ p  Tanks After  
Step 2 Completion 

After  a shutdown of loop operat ion on 12  A p r i l  1966, 

The loop w a s  shut  down and I.Ig samples from t h e  dump 
Although only t h e  u s u a l  small quant i ty  of an 

no Hg samples were taken because of imminent restart .  The restart ind ica t ed  that  
t h e  b o i l e r  w a s  deconditioned. 
tanks were obtained and analyzed. 
a l i p h a t i c  hydrocarbon was detected i n  the  main dump tank, considerably higher  
q u a n t i t i e s  of organics were detected i n  t h e  euergency dump tank ,  and t h e  H g  visu-  
a l l y  appeared t o  be contaminated with a black residue.  The ana lys i s  of t h e  mercury 
ind ica t ed  it contained 6.4 ppm of mix-kP3E and 5 . 1  ppm of an a l i p h a t i c  hydrocarbon. 
The I R  t r a c e  a l s o  indicated t h a t  some organic oxidat ion had occurred as evidenced 
by t h e  presence of double bonded oxygen and carbon atoms. 
ox ida t ion  and/or decomposition of an orgGlic had occurred w a s  indicated by t h e  p re s -  
ence of 5.35% carbon i n  t h e  black residue from t h e  Hg f o r  t h e  emergency tank .  These 
a n a l y s i s  indicated t h a t  rnix-hP3E had e i t e r e d  t h e  b o i l e r  i n  s i g n i f i c a n t  q u a n t i t i e s  
and thermally decomposed, probably leaving a h e a t - t r a n s f e r - i n h i b i t i n g  f i l m  on t h e  
b o i l e r  tube w a l l .  Therefore, it was recommended t h a t  t h e  b o i l e r  be cleaned p r i o r  
t o  t h e  cont inuat ion of operations.  Since most of t h e  des i r ed  t e s t  data had been 
obtained,  S t ep  2 operat ions were terminated and t h e  iIg system was chemically 
cleaned t o  remove organic contaminafion. 

Further  evidence t h a t  

(4) Analysis of Hg Drained from t h e  Main Dump Tank 

Before the  main dump t ank  w a s  cleaned, t.he Hg inven- 
t o r y  w a s  siphoned from t h e  bottom of the t ank  i n t o  poiyethylene b o t t l e s .  
twenty b o t t l e s  siphoned from t h e  tank v i s u a l l y  appeared c lean .  
p a r t i a l  b o t t l e s  obtained contained a surface r e s idue .  

The f i rs t  
The last  t h r e e  

Mercury frcm t h e  f i rs t  twenty 3O-lb polyethylene 
b o t t l e s  removed from t h e  main dump tank met t h e  requirements of A e r o j e t ' s  De-  
velopment Material Specif icat ion,  Heat Transfer  Grade Mercury (AGC 10327). 
fo re ,  it was recommended t h a t  t h i s  Hg be reused i n  S tep  3 operations without re-  
processing.  

b l e  s u r f a c e  residue.  
of t h e  b o t t l e s .  The following r e s u l t s  were obtained: 

There- 

The Hg i n  t h e s e  b o t t l e s  appeared clean with EO v i s i -  
Two composite samples were analyzed each represent ing  t e n  
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Analysis f o r :  Composite 1 Composite 2 AGC 10327 

Nonvolati le residue 0.5 PPm 0.7 ppm 6 .0  ppm max. 
N a  0.023 ppm 0.025 ppm not r e  qu i re  d 
K 0.070 ppm 0.071 ppm not requi red  
Al ipha t ic  hydrocarbon 0.05 PPm eO.05 ppm not requi red  
Mix- 4P3E ND ND not r e  qu i re  d 

ND = not detected a t  a d e t e c t a b i l i t y  l i m i t  of 0.005 ppm 

A s  a cont ro l ,  a composite sample represent ing  seven 
polyethylene b o t t l e s  of reprocessed Hg w a s  a l s o  analyzed f o r  organics .  
s is  ind ica ted  t h a t  t he  reprocessed Hg contained 0.10 ppm a l i p h a t i c  hydrocarbon, 
but no mix-4P3E was de tec ted .  
polyethylene bo t t l e s ,  t h e  p o s s i b i l i t y  of picking up an a l i p h a t i c  hydrocarbori from 
t h e  b o t t l e s  i s  being inves t iga ted .  
w i l l  be modified t o  include a requirement f o r  spec i fy ing  organic  content i n  t h e  Hg. 

This analy- 

Since a l l  of t h e  Hg analyzed had been s tored  i n  

Also, t h e  Aerojet  s p e c i f i c a t i o n  (AGC 10327) 

The last  th ree  b o t t l e s  of Hg removed from t h e  dump 
tank  included some of t h e  surface ma te r i a l  t h a t  had f loa t ed  on t h e  Hg. Undoubtedly 
some small f r ac t ion  of t h e  residue was re ta ined  on t h e  w a l l s  of t h e  tank as t h e  
Hg w a s  drained. Therefore, an exact  ana lys i s  of t h e  r a t i o  of f l o a t i n g  res idue  t o  
Hg, as it exis ted  when t h e  dump tank  w a s  f u l l ,  could not be made. 
res idue i n  the  tank had been co l l ec t ed ,  t h e  amount of extraneous ma te r i a l  present  
would have been s l i g h t l y  higher  than ind ica ted  i n  Table 2. However, it i s  pre-  
sumed t h a t  t he  residue which w a s  obtained represents  e s s e n t i a l l y  a l l  of t h e  t o t a l  
res idue i n  the  tank and t h e  quant i ty  remaining on t h e  w a l l  may be neglected.  Ob- 
serva t ions  made on t h e  e f f l u e n t  co l lec ted  from a previous dump tank which was sub- 
sequently cleaned a f t e r  removal of t h e  contaminated Hg inventory support t h i s  pre-  
sumption. 
were present  i n  small amounts i n  t h e  sur face  residue of t he  dump tank .  The con- 
cen t r a t ion  measured w a s  not so  high t h a t  a recommendation not t o  use t h i s  Hg would 
have been made i f  t h e  dump tank  had not been emptied. However, s ince  t h i s  Hg had 
been separated from the  bulk of t he  Hg inventory from t h e  main dump tank,  it w i l l  
not be used f o r  Step 3 operat ions.  

I f  a l l  of t h e  

The r e s u l t s  i nd ica t e  t h a t  both an a l i p h a t i c  hydrocarbon and mix-4P3E 

b. A lka l i  Metal Contamination 

The presence of both sodium and potassium i n  small quant i -  
t i e s  and i n  e u t e c t i c  r a t i o  w a s  detected by flame emission spectrographic  ana lys l s  
i n  Hg samples from both t h e  emergency and t h e  main dump tanks ( taken  a f t e r  comple- 
t i o n  of Step 2 t e s t i n g ) .  Both elements were a l s o  de tec ted  i n  Hg removed from t h e  
emergency dump tank on 1 February 1966. The r a t i o  w a s  not  e u t e c t i c ;  however, t h i s  
may have been influenced by p r e f e r e n t i a l  ox ida t ion  o r  t h e  sampling technique.  
Sodium w a s  detected i n  reprocessed Hg and i n  mix-hP3E from t h e  L/C dump tank,  but 
no potassium was detected.  

The amount de tec ted  d i d  not r e q u i r e  Hg inventory 
replacement; however, t o  determine if a cross  t r a n s f e r  of f l u i d s  between 
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loops had occurred through small undetected leaks ,  samples of NaK from t h e  primary 
and t h e  hea t  r e j e c t i o n  loops,  a s  we l l  a s  from unused vendor suppl ied NaK, were 
analyzed f o r  Hg content.  A l l  of t he  NaK samples contained approximately t h e  
same small quant i ty  of Hg with t h e  unused ma te r i a l  containing t h e  g r e a t e s t  
amount (Table 3 ) .  It was conc1,uded t h a t  cross  t r a n s f e r  of t he  loop f l u i d s  
had not occurred, and t h a t  t h e  most probable source of t he  Na and K i n  the  Hg 
from t h e  loop was t h e  poss ib le  use of t ransducers  or valves  i n  t h e  Hg loop 
which had previously been employed i n  a NaK loop. Another poss ib le  source of 
NaK i n  t h e  Hg i s  i t s  in t roduct ion  when the  condenser was cu t  i n t o  and rewelded 
during RPL-2 operation. A t  t h a t  t ime, during t h e  r e p a i r  work, it i s  known t h a t  
t h e  NaK s i d e  of t he  condenser was cu t  i n t o  and t h a t  d i f f i c u l t y  was experienced 
i n  t h e  r e p a i r  welding of t he  Hg s i d e  due t o  t h e  presence of NaK a t  t h e  weld a rea .  

2. Vapor Line Fa i lu re  

Fa i lu re  of an e l e c t r i c a l  l i n e  h e a t e r  during a March 1966 
s t a r t u p  produced two holes  i n  t h e  316 SS Hg vapor l i n e  by e l e c t r i c a l  a rc ing .  
The i n t e r n a l  sur face  of t h e  penetrated sec t ion  of t he  Hg-loop vapor l i n e  
evidenced s i g n i f i c a n t  a i r  i n t r u s i o n  i n t o  t h e  loop while t h e  pipe was  a t  tempera- 
t u r e  p r i o r  t o  Hg i n j e c t i o n .  Loose and adherent i n t e r n a l  sur face  s c a l e  was found 
i n d i c a t i n g  t h a t  some por t ions  of t h e  vapor l i n e  were a t  a temperature approxi- 
mating 1600°F o r  above. 
de t r imenta l  e f f e c t  t o  t h e  f i l t e r  element w a s  found. The loose  res idue  which 
may have been present  i n  t h e  Hg vapor por t ion  of t h e  loop w a s  removed by steam 
c leaning  of t h e  v a p r  l i n e  s ince  t h e  f r i a b l e  p a r t i c u l a t e  matter could cause 
condenser-tube plugging during subsequent shutdowns. 

The tu rb ine  i n l e t  f i l t e r  w a s  examined; no s i g n  of 

The 9Cr-lMo b o i l e r  tube was a t  1300°F a t  t h e  time because of 
presence of heated NaK on t h e  PNL side.  The presence of s c a l e  i n  t h e  Hg vapor 
l i n e  i n d i c a t e s  t h a t  t h e  b o i l e r  tube was probably exposed t o  a i r  long enough when 
t h e  vapor w a l l  pene t ra t ion  occurred t o  form an  oxide sur face  f i l m  on t h e  Hg s i d e ,  

Two tests completed previously were considered i n  t h e  dec is ion  
on a c t i o n  required p r i o r  t o  system r e s t a r t .  I n  t h e  f irst  t e s t ,  a i r  w a s  flowed 
through t h e  Hg tube of a s i n g l e  tube-in-tube b o i l e r  t e s t  s ec t ion  while t h e  tube 
w a s  a t  1300°F. Af t e r  one hour of a i r  flow, a normal b o i l e r  s t a r t  was successfu l ;  
i .e . ,  immediate condi t ion in  was achieved. I n  t h e  second t e s t ,  9Cr-No specimens 
were exposed t o  a i r  a t  1300 F t o  test oxidat ion r a t e s .  
hours a t  temperature r e su l t ed  i n  only minor specimen weight changes, 0.03 g/in.2,  
and t h e r e  was no loose  su r face  sca le .  

% Times i n  excess of 168 

From a l l  i n f o p t i o n  ava i l ab le ,  it w a s  concluded t h a t  t h e  H g  
tube  of t h e  system b o i l e r  probably has an oxide sur face  f i l m  as a r e s u l t  of t h e  
316 SS Hg vapor l i n e  w a l l  penetrat ion.  This f i l m  i s  probably very adherent and 
would v i s u a l l y  appear as sur face  d isco lora t ion  r a t h e r  than  f l aky ,  e a s i l y  
dis lodged sca l e .  Previous t e s t  evidence ind ica t e s  t h a t  t h i s  f i l m  may not be 
de t r imen ta l  t o  b o i l e r  condi t ioning.  

It was recommended t h a t  t he  Hg vapor l i n e  should be steam 
cleaned and t h a t  restart of t h e  system should be attempted without b o i l e r  
chemical c leaning.  This w a s  done and the  b o i l e r  conditioned s a t i s f a c t o r i l y .  
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3. Ins  t m e n t a  t i on Evaluation 

a .  Pressure Taps 

(1) Wall Deter iora t ion  

Three 316 SS pressure  t aps  from t h e  Hg vapor l i n e ,  
wi th in  seven f e e t  of t h e  b o i l e r  o u t l e t  (PCS-1 Phase I V ) ,  were examined t o  de- 
termine whether or not Hg a t t a c k  of t h e  ma te r i a l  had occurred during t h e  302 
hours of Step 2 Hg operation. 
downward slope away from t h e  vapor l i n e  (Figure l a ) .  
permit Hg condensing re f lux .  
walls had occurred a t  t h e  hot  end adjacent  t o  t h e  loop Hg containment pipe.  
th inning  tapered of f  wi th in  approximately t h r e e  inches cf the  hot  end, and t h e  
tube remained uniformly t h i c k  f o r  t he  r e s t  of t h e  length  t o  t h e  t ransducer  
attachment ( co ld )  end. Based on the  uniform cold-end w a l l  th ickness ,  maximum 
w a l l  th inning,  ranging from 3.2 t o  4.3 m i l s  was observed. This represents  a n  
est imated corrosion r a t e  range of 10.6 t o  14.2 m i l s  p e r  1000 hours.  This r a t e ,  
i f  continued, would r e s u l t  &n the  w a l l  reaching t h e  O.Ol25-in. minimum b o i l e r  
code allowable wa l l  a t  1300 F and 265 p s i  i n  2500 t o  3350 hours. These f i g u r e s  
compare t o  a previously examined t a p  which exh ib i t ed  a n  1 1 - m i l  w a l l  th inning  i n  
1430 hours,  and an est imated s a f e  opera t iona l  l i f e  of 4800 hours ,  Reference 2. 
Metallographic examination of the  t a p s  ind ica t ed  t h e  w a l l  th inning  w a s  due t o  
general  d i s so lu t ion  corrosion;  however, a minor amount of p i t t i n g  cor ros ion  
t o  a depth of approximately 0.5 m i l  a l s o  was observed. It was concluded t h a t  
316 SS pressure taps  would not be s u i t a b l e  f o r  long-term app l i ca t ions  where Hg 
condensing re f lux  occurs. 
replaced w i t h  gCr-lMo a l l o y  s t e e l .  

These taps  had been i n s t a l l e d  with a f i v e  degree 

The examination revealed t h a t  th inning  of t h e  t a p  
This conf igura t ion  would 

The 

Therefore, it w a s  recommended t h a t  these  t a p s  be 

( 2 )  Residue Analysis 

The vapor l i n e  inc luding  the  pressure  t a p s  had 
been cleaned i n  t h e  system ( i n  accordance with Aero je t  s p e c i f i c a t i o n  AG~-10319/8) 
before being examined. 
c lean ,  the  taps  d id  conta in  a genera l  l a y e r  of res idde  ad jacent  t o  t h e  w a l l  
(Figure l b ) ,  which w a s  removed with a b r i s t l e  brush and n i t r i c  a c i d  s o l u t i o n  
before t h e  wal l  th icknesses  were determined. Analysis  of t h i s  nonmagnetic 
res idue ind ica ted  t h a t  it contained L446 Fe, 9% N i ,  8% Cr, 1.646 Mo and 2.3% Mn. 
It I S  presumed t h a t  t h i s  res idue  co l l ec t ed  i n  t h e  t a p s  during loop opera t ion  
and f l o a t e d  on the  Hg which condensed i n  t h e  t aps .  
of t h e  loop, t he  l i q u i d  Hg i n  t h e  taps  evaporated leaving  behind a r e l a t i v e l y  
uniform coating of t he  residue on t h e  I D  of t h e  t aps .  
pa t t e rns  of t h i s  ma te r i a l  i nd ica t ed  i t  was amorphous. 
t h i s  ma te r i a l  was composed of corrosion-oxidat ion products ,  t h e  primary 
cons t i t uen t  being Fe203.XH20. 
oxide occurred during t h e  cleaning of t h e  system with aqueous so lu t ions .  
Because of flow s tagnat ion  i n  t h e  t a p s ,  t h e  material w a s  not removed during 
t h e  cleaning operation. 

Although t h e  vapor l i n e  i t s e l f  v i s u a l l y  appeared t o  be 

During shutdown and s t a r t u p  

X-ray d i f f r a c t i o n  powder 
It w a s  concluded t h a t  

It was a l s o  concluded t h a t  hydrat ion of t h e  

I 
1 
I 
I 
1 
I 
1 
1 
I 
I 
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I n  addi t ion  t o  t h e  general  res idue,  a tan-colored 
residue was present  a t  t he  hot  end of t h e  pressure t aps  on t h e  bottom s i d e  only. 
Debye Sherer  pa t t e rns  and chemical ana lys i s  ind ica ted  t h a t  t h i s  ma te r i a l  was 
Na2CO . 
retenZion i n  t h e  taps  a f te r  draining. 
a f t e r  removal of t h e  transducers were loosened a s  p a r t  of t he  cleaning 
operat ion t o  d ra in  t h e  so lu t ions ,  a n  I D  weld r idge c lose  t o  t h e  vapor l i n e  
caused t h e  r e t en t ion  of so lu t ion  close t o  t h e  vapor l i n e .  
evaporated during t h e  drying operation leaving behind sodium hydroxide which 
reacted with C02 from the  a i r  t o  form the  sodium carbonate. 
vapor l i n e  pressure taps  were replaced a f t e r  PCS-1 Phase I V  Step 2 operat ions,  
no detr imental  e f f e c t s  of these  residues w i l l  r e s u l t  f o r  Step 3 .  It was 
recommended t h a t ,  during subsequent loops cleaning operat ions,  t h e  so lu t ions  
be f lushed from t h e  pressure taps  w i t h  water p r i o r  t o  drying. 

It i s  probable t h a t  t h i s  residue i s  a r e s u l t  of cleaning so lu t ion  
Although the  caps placed on t h e  t a p s  

The water  was 

Since a l l  of t h e  

b. Thermowells 

Thermowells a r e  used i n  t h e  PCS-1 Phase I V  system t o  
provide g r e a t e r  accuracy and more rapid response than was found t o  e x i s t  with 
surface-contact-type couples previously used. Thermocouples a r e  i n s e r t e d  i n t o  
t h e  we l l s  and t h e  low melting (313'F), low-vapor-pressure metal ,  indium, i s  
placed i n  t h e  we l l  t o  provide a good heat  t r a n s f e r  medium between t h e  we l l  w a l l  
and t h e  couple. 
t h e  t e s t s  simulated t h e  temperature of t h e  system, they d id  not simulate the  
l i q u i d  metal  f low or t h e r m 1  grzdients  t h a t  exist .  i n  t h e  loops. The present  
i nves t iga t ion  (Ref. 2 ) ,  represents  a more r e a l i s t i c  evaluat ion of t h e  compat ib i l i ty  
of 316 SS and indium as it has been used i n  SNAP-8 loops. 

Tests had shown t h a t  indium was compatible with 316 SS. Although 

Af ter  143 hours of Hg loop operation, a vapor l i n e  
themowel l  (T2l3) f a i l e d .  
Hg loop de te r io ra t ed  as t h e  loop was being evacuated p r i o r  t o  Hg in j ec t ion .  
This w e l l  was capped of f  and operation of t he  loop continued, Af t e r  completion 
of S tep  2 operat ions,  t h e  Hg b o i l e r  and the  vapor l i n e  were chemically cleaned. 
Subsequently, a s e c t i o n  of t h e  316 SS H g  vapor l i n e ,  from approximately seven 
f e e t  downstream of t h e  b o i l e r  t o  t h e  b o i l e r  o u t l e t ,  was removed from t h e  loop 
for examination. This sec t ion  of l i n e ,  including the  f i v e  316 SS thermowells 
it contained, had been exposed t o  Hg f o r  302 hours of operation. 
a n  18-in.  length of t h e  316 SS primary NaK loop piping adjacent  t.0 t h e  b o i l e r  
NaK i n l e t  and containing th ree  316 SS themowells ,  a l l  of which had been 
exposed t o  2422 hours of PNL operation, w a s  a l s o  removed f o r  examination. 

The f a i l u r e  w a s  discovered when t h e  vacuum i n  t h e  

For comparison, 

The f i v e  themnowells from t h e  f i r s t  seven f e e t  of 
t h e  Hg-vapor l i n e ,  and t h e  th ree  themowells  from t h e  PKL near  t h e  b o i l e r  
NaK i n l e t  were examined. 
condi t ions  i n  these  a reas ,  indium i s  not compatible with 316 SS and t h a t  
d i f fus ion ,  a l loy ing ,  and the  probable f omnation of b r i t t l e  i n t e r m e t a l l i c  
compounds occurs. Fa i lure  of two of t h e  wel l s  i n  t h e  Hg vapor l i n e  was 
a t t r i b u t e d  t o  t h i s  incompat ib i l i ty  which l e d  t o  loca l i zed  w a l l  th inning 
from t h e  I D  of t h e  wel l s .  Although the complete mechanism leading t o  

It was determined t h a t ,  under t h e  sw-8 operat ing 

I 
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f a i l u r e  of the wells i s  obscure, i t  w a s  determined t h a t  indium con t r ibu te s  
very s i g n i f i c a n t l y  t o  the  problem. Therefore, i t  was recommended t h a t  t h e  
use of indium i n  the  thermowells be discontinued. 

c. L/C LOOP 

1. Mix-4P3E Sample Analysis 

Samples were recovered from various loop l o c a t i o n s  a f t e r  t h e  
1 4  February system shutdown. 
loop operat ional  e f f e c t s  on f l u i d  p rope r t i e s .  Analysis of a sample removed 
from the  dump tark indicated t h a t  t h i s  f l u i d  was s a t i s f a c t o r y  f o r  continued 
use.  

These were analyzed (Table 4) t o  determine L/C 

A l l  samples exhibi ted t y p i c a l  mix-hP3E spectrograms. 
of t h e  samples (one from t h e  a l t e r n a t o r  d ra in  t r a p  and the  o the r  f r m  t h e  
vacuum pump t r a p )  a l s o  contained small araounts of vacuum-pump o i l  contamination, 
due t o  t h e  pos i t i on  of t hese  t r a p s  re la t ive t o  t h e  vaculxn pumps i n  t h e  system. 

Two 

Spec i f i c  g rav i ty ,  r e f r a c t i v e  index, and v i s c o s i t y  of a dump 
tank sample were wi th in  t h e  tolerances spec i f i ed  f o r  new mater ia l  i n  t h e  SNAP-8 
procurement s p e c i f i c a t i o n  (AGC-10320). The r e f r a c t i v e  index of t h e  L/C vac~um 
pump t r a p  was low, but not  unacceptably so. The low value w a s  probably due t: 
t h e  vacuum pump o i l  contamination of t h e  sample. 
i s  l e s s  dense, i s  not miscible  with t h e  mix-4P3E a t  roam temperat71re and has a 
lower r e f r a c t i v e  index. The mix-4P3E sample w a s  removed from t h e  su r face  of 
t h e  inventory and any vacuum pump o i l  which may have been present  wouid have 
been d i f f i c u l t  t o  separate  completely. 

Vacuum pump o i l  

Isomer d i s t r i b u t i o n  of t h e  dump-tank sample was somewhat 
d i f f e r e n t  from the  con t ro l .  Cause of t h e  d i f f e rence  is u n c e r t a i n ,  but i t  may 
have been the  r e s u l t  of intermixing s e v e r a l  d i f f e ren t  batches"  
i s  considered acceptable  f o r  continued use of t h e  f l u i d .  

The d i s t r i b u t i o n  

2 *  Loop Cleaning 

Mercury d rop le t s  were found i n  t h e  L/C lcqp. 
mercury i n  the mix-4P3E could be detr imental  t o  t h e  L/C PMA, Hg PMA, a l t e r n a t o r  
and t h e  aluminum components of t h e  transformer-reactor assembly (TRA). 
t o t a l  amount of contamination could not be determined. Therefore,  t w c ,  l i n e s  
of t h e  L/C loop were analyzed t o  determine t h e  ex ten t  of mercury contamination. 
The r e t u r n  lub r i can t  l i n e  from t h e  Hg PMA bear ing  ( su r face  area of approximately 
3.6 f t 2 ,  much of which was v e r t i c a l )  contained 45 Q of f i n e l y  divided mercury 
which was d i f f i c u l t  t o  remove by degreasing. The dec is lon  w a s  made t o  c l e s n  t h e  
complete L/C loop. The cleaning procedure involved removing of a l l  t h e  l i n e s  
degreasing t o  remove mix-4P3E and n i t r i c  a c i d  pickl.ing using t h e  a c i d  defined 
i n  Aerojet  spec i f i ca t ion  AGC 103lg/lO , Method 1. 

Existence of 

The 
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11. LNL-3 P O S T  TEST EVALUATION 

The SNAP-8 l i q u i d  NaK t e s t  loop (LNL-3) was operated t o  provide information 
needed t o  evaluate  t h e  performance of the  NaK PMA. 
operated approximately 3130 hours,  2655 hours a t  temperatures between 1125 and 
1175'F. N o  oxygen content  determinations were made during t h e  i n i t i a l  low- 
temperature operat ing period. 
temperature operat ion was con t ro l l ed  below 30 ppm through a co ld- t rap  
p u r i f i c a t i o n  system. 
examination (Figure 2) .  

This isothermal  loop had 

The oxygen content a t  t h e  NaK during high- 

Samples of t he  loop piping were removed f o r  metallographic 

A.  EVALUATION RESULTS 

No me ta l l i c  mass- t ransfer  deposi ts  were de tec ted  by v i s u a l  or 
metallographic examination of t h e  in s ide  pipe sur faces  of any samples. 
ou ts ide  pipe sur faces  appeared oxidized a s  a r e s u l t  of a i r  exposure during 
high-temperature loop operat ion.  
hardness determinations revealed,  however, t h a t  carbon migrat ion,  on t h e  
NaK s i d e ,  from the  mild s t e e l  por t ion  of t h e  system a t  t h e  flow ven tu r i  t o  
t h e  316 SS NaK containment pipe had occurred. 
determined by microhardness measurements (Figure 3 )  i n  t h e  m i l d  s t e e l  was approxi- 
mately 0.020 i n . ,  carbur iza t ion  depth i n  t h e  hot  end of t h e  316 SS cold f i n g e r  w a s  
approximately 0.010 i n .  Only minor hardening occurred i n  t h e  304 SS a t  t h e  
pump discharge and t h e  316 SS a t  t h e  ventur i  i n l e t .  
t h e  e f f e c t  of t h e  t ranspor ted  carbon occurred i n  t h e  s t a i n l e s s  s t e e l  downstream 
of t h e  ven tu r i  and upstream of the  pump discharge.  It i s  expected t h a t  , with 
continued loop operat ion under t h e  same condi t ions and with t h e  same ma te r i a l s ,  
carbon migrat ion w m l d  continue but  a t  a reduced r a t e  because t h e  carbon must 
d i f f u s e  a g r e a t e r  d i s tance  t o  t h e  surface of t h e  m i l d  s t e e l  before  it can be 
t r anspor t ed  by t h e  NaK. 
impact s t r eng th  of t h e  s t a i n l e s s  s t e e l  w i l l  occur as a r e s u l t  of t h e  sur face  
ca rbur i za t ion ,  but  t h a t  it should not d e l e t e r i c m l y  af fec t ,  loop operat ion.  

The 

Metallographic examination and micro- 

Decarburization depth as 

It appeared t h a t  most of - 

It i s  a l s o  expected t h a t  a loss i n  d u c t i l i t y  and 

X-ray d i f f r a c t i m  ana lys is  of t h e  s t a i n l e s s  samples ind ica ted  t h a t  
It was concluded no f e r r i t e  had formed i n  t h e  ma te r i a l  during loop operat ion.  

t h a t  t h e  loop piping ma te r i a l s  bad not been de le t e r ious ly  a f f e c t e d  by the  
system operat ion and t h a t  continued operation of t h e  loop would be s a t i s f a c t o r y  
from a ma+,erials s tandpoint  

11 
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111. GENERAL TEST OPERATIONS SUPPORT 

A .  NaK RECLAMATION 

1 
! 

A l a r g e  inventory of used NaK had accumulated as a r e s u l t  of rep lace-  
ment of loop inventor ies .  
f o r  per iods,  which included high oxygen contamination, long enough t o  c a s t  i n  
doubt t he  NaK p u r i t y  l e v e l  and i t s  a c c e p t a b i l i t y  f o r  reuse.  
i nd ica t ed  t h a t  t he  l e a s t  expensive, most expedi t ious procedure f o r  rep lac ing  
contaminated NaK with c e r t i f i e d  ( t o  t h e   SNAP-^ NaK procurement s p e c i f i c a t i o n  

I 
and o ther  s o l i d s ,  and r e c e r t i f i c a t i o n  tests t o  a s c e r t a i n  a c c e p t a b i l i t y  of t h e  I 

composition. 

Generally,  t h e  replaced quant i ty  had been i n  se rv i ce  

A s tudy of a l t e r n a t i v e s  

AGC-10340) f l u i d  was by f i l t r a t i o n  of t he  contaminated NaK t o  remove oxides 

A t o t a l  of 1788 l b  of contaminated NaK w a s  success fu l ly  processed. 

A f i l t r a t i o n  system u t i l i z i n g  2 f i l t e r s  i n  s e r i e s  was used ( X g u r e  
4).  
through a l a rge  f i l t e r  containing York s t a i n l e s s - s t e e l  mesh. This a c t s  as a 
depth f i l t e r  and removes t h e  g r e a t e s t  po r t ion  of t h e  contamination. The NaK 
then passes through a 20 micron ( abso lu te )  bed f i l t e r  t o  remove p a r t i c l e s  t h a t  
may have passed through t h e  depth f i l t e r .  

The contaminated NaK conta iner  i s  pressur ized  t o  push t h e  cmtaminated NaK 

Af te r  passing through t h e  second f i l t e r ,  t h e  NaK i s  c o l l e c t e d  i n  t h e  
precleaned ba r re l .  When t h e  b a r r e l  i s  f u l l ,  a s  determined by weight. change, 
approximately 2-5 p s i  argon cover gas i s  added and t h e  b a r r e l  sea led .  

B. DECONTAMINATION OF MERCURY PRESSUFE TRANSDUCERS 

Transducers previously used i n  Hg systems can be s a t i s f a c t o r i l y  
reused. However, when these  a r e  rewelded i n t o  t h e  system, mercury t h a t  may 
be present  can cause poros i ty  i n  t h e  weld. A procedure (Ref. 3 ) ,  successful ly-  
used t o  remove a l l  Hg p r i o r  t o  r e i n s t a l l a t i o n ,  c o n s i s t s  b a s i c a l l y  of sub jec t ing  
t h e  t ransducer  t o  a 62% n i t r i c  a c i d  (with 1 wtk sodium n i t r i t e )  s o l u t l  1 on while  
under vacuum. 
through a so lu t ion  reac t ion .  

The a c i d  removes any r e s idua l  Hg not  vaporized by t h e  vacuum 

C. SPECIFICATIONS 

The following s p e c i f i c a t i o n s  and s tandards were published. 

~~ 

AG C - 103 1 9A Cleaning and Drying of SNAP-8 Components and Syst,ems, 
Procedure f o r  

AG C - 103 19/6A Cleaning of SNAP-8 PCS Components P r i o r  t o  F ina l  
Assembly, Procedure f o r  

AGC-10319/7 Removal of NaK Oxides and Hydroxides from Transducers,  
Procedure f o r  

AGC -10319/8 Cleaning t h e  Tube-in-Tube Bo i l e r  (Hg S i d e )  

12 
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No. 

AGC -103 19/9 

AGC -103 1 9 / l O A  

AGC -1 03 19/11 

AGC-103 19/13 

AGC -1 03 19/14 

AGC - 103 2 OB 

AC-C -STD -1273A 
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T i t l e  

Cleaning of Resin from Tube -in-Tube Boi le rs  

Cleaning Mercury-Contaminated Components, Procedure f o r  

Cleaning Contaminated Transducers 

Cleaning, Condenser (Removing Mix-4P3E and Rubidium 
Oxide from t h e  Condenser (Hg S ide )  

Cleaning Oil-Contaminated Bourdon-Type Gages 

P olyph eny 1 Ether  "Mix - 4P3E '' B i  s (Mix -Ph enoxyphenyl )E t h e  r 

Bending Tube & Pipe, gCr-lMo, 300 S e r i e s ,  & 400 Se r i e s  
S t e e l  

. 
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I V .  TURBINE-ALTERNATOR ASSEMBLY 

A .  ALTERNATOR SEAL WELD EVALUATION 

During PCS-1 Phase I V  Step 2 operat ion,  a loss i n  L/C vacuum was 
Inves t iga t ion  revealed a defect  i n  the  a l t e r n a t o r  (S/N 481489), s e a l  noted. 

weld between t h e  t runnion r ing  and t h e  case adjacent  t o  one of t h e  t runnion 
bosses.  
w a s  resumed. After 143 hours of operat ion,  a crack was found i n  t h e  r e p a i r  
weld. The a l t e r n a t o r  was removed from t h e  loop and was nondes t ruc t ive ly  
evaluated t o  determine t h e  f a i l u r e  mode. Based on the  f ind ings ,  it was 
subsequently deemed necessary t o  evaluate  four  o ther  SNAP-8 a l t e r n a t o r s  a t  
Aerojet .  

The defect  was repa i red  using mild s t e e l  weld f i l l e r  metal and t e s t i n g  

1. Evaluation of A l t e rna to r  S / N  481489 

The s e a l  weld between t h e  HY-80 t runnion r i n g  and t h e  mild 
s t e e l  case i n  t h e  a l t e r n a t o r  w a s  examined v i s u a l l y ,  and chemical ana lyses  
(Table 5 )  of f i l i n g s  from seve ra l  weld a reas  and both parent  metals were 
performed. 
eva lua t ion  procedure) because t h e  u n i t  had t o  be a v a i l a b l e  f o r  r e t e s t  and 
so  had t o  be repaired.  

No samples f o r  metallographic a n a l y s i s  were taken ( d e s t r u c t i v e  

Examination of t h e  o r i g i n a l  c i rcumferent ia l  s e a l  weld ( d i s  - 
regarding the  AGC r e p a i r  weld a t  one t runnion boss)  i nd ica t ed  t h e  p r o b a b i l i t y  
t h a t  no weld f i l l e r  metal  had been employed i n  t h e  t runnion boss area when t h e  
u n i t  was f ab r i ca t ed  but  t h a t  an  i r o n  base f i l l e r  a l l o y  had been used i n  t h e  
remainder of t h e  weld. The drawing required the  use of a d u c t i l e ,  non- 
hardenable,  nickel-base a l l o y  weld f i l l e r  metal ,  Inco A. However, GE 
ind ica t ed  t h a t  i t  was poss ib l e  t h a t  no f i l l e r ,  4130 a l l o y  o r  mild s t e e l  
f i l l e r ,  was employed. Chemical a n a l y s i s  of samples from the  weld metal  
a r ea  which appeared t o  have f i l l e r  added, and t h e  weld metal  a r e a  which 
appeared t o  be produced by fus ion  only,  i nd ica t ed  n e i t h e r  was n i cke l  base 
but  r a t h e r  both were of a hardenable i ron-base composition. Q u a l i t a t i v e  
hardness determinations ind ica t ed  t h a t  t h e  weld w a s  ha rde r  than  t h e  parent, 
metals and t h a t  t he  hardness increased  i n  t h e  a rea  of t h e  t runnicn  boss 
(Figure 5) .  

No preheat  or postweld s t r e s s  r e l i e f  of t h e  a l t e r n a t o r  
seal weld w a s  required on t h e  drawing, and, according t o  GE, none w a s  
performed. 

2. Pos tu la ted  F a i l u r e  Mechanism i n  A l t e r n a t o r  S/N 481489 

The chemistry of a weld depos i t  i s  con t ro l l ed  by t h e  weld 
f i l l e r  metal and by so lu t ion  e f f e c t s  produced by melt ing of t h e  parent  metals 
on e i t h e r  s ide  of t h e  weld j o i n t .  With s u f f i c i e n t  a l l o y  pickup, a weld, even 
though deposited using a nonhardenable weld s t e e l  f i l l e r  meta l ,  may be 
rendered hardenable. 
i n  t h e  weld-heat-affected zone would t end  t o  form during t h e  welding operat ion.  
The ex ten t  of t h i s  zone would depend on t h e  weld- jo in t  design and on t h e  
technique employed. 

The m-80 a l l o y  i s  hardenable ,  and a mar t ens i t i c  a r e a  

This zone would t end  t o  be less d u c t i l e  t hen  t h e  parent  
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metal. The HY-80 would a l s o  contr ibute  a s u f f i c i e n t  amount of  elements which enhance 
hardenabi l i ty  (chromium, molybdenum, and n i c k e l )  (Table 5 )  t o  produce a hardenable 
weld metal composition. 
similar t o  HY-80, dependent on j o i n t  design and welding technique. 
d u c t i l i t y  of such a weld va r i e s  d i r e c t l y  as t h e  increase  i n  i t s  hardness. 
q u a l i t a t i v e  measure of t h i s  hardness increase i s  shown i n  Figure 5. 
values a r e  q u a l i t a t i v e  because of the  measuring technique used t o  preserve 
t h e  usableness of t h e  component. 
mass of t h e  t runnion boss i s  approached,, t h e  weld metal hardness increases  
(conversely t h e  d u c t i l i t y  should be lower). 
c h i l l i n g  e f f e c t  on t h e  deposited w e l d  metal produced by t h e  boss which a c t s  
as a hea t  s ink.  
f a s t e r  t h e  hea t  withdrawal. It i s  probable t h a t  a s i g n i f i c a n t  cause of t h e  
o r i g i n a l  f a i l u r e  of t h e  weld a t  t h e  trunnion boss was a low d u c t i l i t y  weld 
r e s u l t i n g  from t h e  mar tens i t ic  transformation of t h e  weld metal and t h e  BY-80 
i n  t h e  weld-heat-affected zone. 
on t h e  weld during system operation could produce a crack i n  t h e  weld. 

The degree of hardening r e s u l t i n g  i n  such a weld i s ,  
Reduced 

A 
The 

It i s  observed t h a t ,  as t h e  g r e a t e r  metal 

This i s  because of t h e  increased 

The smaller  t h e  dis tance between t h e  weld and t h e  boss, t h e  

Thermal and/or mechanical s t r e s s e s  imposed 

Although i n s u f f i c i e n t  mater ia l  t o  permit a complete ana lys i s  
was obtainable  from t h e  Aerojet  r epa i r  weld, it appears l i k e l y  t h a t  t h e  f i l l e r  
metal  employed w a s  a hardenable steel  grade (MIL-R-5632 Type II), and a l loy ing  
of t he  weld metal by adjacent  molten mater ia l  occurred. 
r e s u l t a n t  b r i t t l e  s t r u c t u r e ,  could have been produced i n  the  same manner as 
i n  t h e  o r i g i n a l  weld. This may have caused t h e  service-induced crack which 
occurred i n  the r e p a i r  weld.  

Hardening, and a 

3 .  Evaluation of Four Untested Al te rna tors  a t  Aerojet  

Four o ther  a l t e r n a t o r s  were a v a i l a b l e  f o r  examination. These 
u n i t s  a r e  f o r  f u t u r e  t e s t s ,  and s o  the  removal of ma te r i a l  for chemical ana lys i s  
w a s  not performed. 
A marked v a r i a t i o n  among t h e  fou r  a l t e r n a t o r s  w a s  found i n  t h e  s e a l  weld 
between t h e  HY-80 t runnion r ing  and the m i l d  s teel  case among the  fou r  (Table 6) .  
There a r e  va r i a t ions  between a l t e r n a t o r s  i n  t h e  amount and type of we ld  f i l l e r  
metal  used, i n  t h e  weld configurat ion and, therefore ,  presumably i n  t h e  weld 
metal s t r u c t u r e  

Only v i sua l  examination and chemical spot  t e s t s  were made: 

The S/N 481492 a l t e r n a t o r  has t h e  same weld ccnfigurat ion a t  
t h e  t runnion boss as t h e  S / N  481489 a l t e r n a t o r  ( i . e . ,  l i t t l e  or no added weld 
f i l l e r  meta l )  and presumably would be subject  t o  t h e  same type of f a i l u r e  i n  
serv ice .  
a t  t h e  t runnion boss and a l s o  could be subject  t o  f a i l u r e  a t  t h i s  point  
depending on t h e  exact  f i l l e r  metal composition. If it i s  a hardenable a l l o y  
such as 4130, which appears poss ib le  based on i n f o m a t i o n  from GE, d i f f i c u l t y  
would be an t i c ipa t ed .  
have nickel-base weld f i l l e r  metal  a t  t he  t r u n i o n  bosses and would be l e s s  
a p t  t o  f a i l  a t  t h e  boss. However, i t  appears t h a t  the nickel-base f i l l e r  may 
not have been deposited over an  area s u f f i c i e n t  t o  minimize t h e  p o t e n t i a l  f o r  
f a i l u r e .  Hardness measurements ind ica te  t h i s  deposi t  should ex ten t  a t  l e a s t  one 
or two inches beyond each end of each boss where s i g n i f i c a n t  hardening due t o  
boss  proximity occurs. 

The S / N  481490 a l t e r n a t o r  appears t o  conta in  an  iron-base f i l l e r  

The o the r  two a l t e r n a t o r s ,  S/N 481510 and S / N  481491, 

Such an extension of t h e  deposi t  was not found. 

15 
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All fou r  of t hese  a l t e r n a t o r s ,  however, have e i t h e r  no f i l l e r  
metal o r  have an  iron-base f i l l e r  metal  i n  t h e  a reas  away from the  t runnion.  
Therefore,  it appears poss ib l e  t h a t  t hese  j o i n t s  could be b r i t t l e  and t h a t  
f a i l u r e  by cracking i n  serv ice  could occur i f  s e rv i ce  s t r e s s e s ,  e i t h e r  t r a n s i e n t  
or s teady-s ta te  are l a r g e  enough. 

4. Discussion 

HY-80 i n  t h e  quenched and tempered condi t ion i s  a low a l l o y ,  
high-strength s t e e l  ( t y p i c a l  of a group of cons t ruc t iona l  s t e e l s )  employed 
f requent ly  f o r  t h e  h u l l s  of warships and submarines. 
welding i s  performed; however, mul t ip le  passes employing f i l l e r  metal  are used 
so  t h a t  subsequent weld passes  temper 
a f f e c t e d  zone of t he  parent  metal. For small s t r u c t u r e s ,  stress r e l i e v i n g  i n  
a furnace i s  of ten  employed t o  temper t h e  j o i n t s .  However, postweld hea t  
treatment i s  not mandatory. A s  i n  many welding app l i ca t ions ,  t he  requirement 
depends on j o i n t  design and o the r  welding va r i ab le s .  Mild s t e e l  can be welded 
without producing a b r i t t l e  j o i n t  because t h e  a l l o y  content  i s  so low t h a t  
extremely rapid cooling r a t e s ,  such as b r i n e  quenching, a r e  necessary t o  
produce martensi te .  

I n  these  app l i ca t ions ,  

t h e  previous weld metal and t h e  hea t -  

A fus ion  weld of mild s t e e l  t o  HY-80 without t h e  use of 
f i l l e r  metal  produces a weld metal deposi t  which fa l l s  i n  t h e  range of t he  
4300 a l l o y  s e r i e s ,  an  iron-base a l l o y  with chromium, n i cke l  and molybdenum. 
This a l l o y  i s  hardenable.  The degree of hardening obtainable  depends on t h e  
carbon content and on t h e  cooling r a t e  from t h e  a u s t e n i t i z i n g  temperature.  
The r e l a t i v e l y  massive, unpreheated, HY-80 s e c t i o n  caused r ap id  cool ing of 
t h e  weld metal and t h e  hea t -a f fec ted  zone. I n  genera l ,  t h e  h igher  t h e  carbon 
content  and the  h igher  t h e  cooling r a t e ,  t h e  h ighe r  t h e  hardness obtained and 
consequently t h e  less d u c t i l e  t h e  mater ia l .  The b r i t t l e n e s s  of t h i s  s t r u c t u r e  
may be reduced by a n  e leva ted  temperature stress r e l i e f  or tempering operation: 

Employing Inco A as a f i l l e r  metal would e l imina te  t h e  
b r i t t l e n e s s  i n  t he  weld metal  i t s e l f  because t h i s  i s  a d u c t i l e  non-hardenable 
a l l o y .  
a f f e c t e d  zone of t he  parent  metal. The ex ten t  of t h i s  hardening would depend 
on t h e  j o i n t  design and t h e  welding technique. 
s e a l  welds of t h e  a l t e r n a t o r s  evaluated cannot be p red ic t ed  from the  examination 
performed. Destruct ive metallographic examination and hardness measurements 
a r e  required.  If subsequent passes  had been made over t h e  e n t i r e  seal weld 
and t h e  temperaturg of t h e  HY-80 i n  t h e  hea t -a f fec ted  zone had not exceeded 
approximately 1300 F, improved d u c t i l i t y  i n  t h e  weld would have r e s u l t e d  
due t o  tempering of t h e  mar t ens i t i c  s t r u c t u r e .  As a n  a l t e r n a t i v e ,  t h e  
optimum weld metal and hea t -a f fec ted  zone s t r u c t u r e  could be produced by 
s t r e s s  r e l i ev ing  the  j o i n t .  Since s t r e s s  r e l i e v i n g  of t h e  a l t e r n a t o r  
j o i n t s  i s  not considered p r a c t i c a l ,  t h e  a c c e p t a b i l i t y  as a compromise of t h e  
mul t ip le  weld pass method f o r  producing t h e  j o i n t  with Ingo A f i l l g r  should 
be evaluated. A preheat  and i n t e r p a s s  temperature of 200 F t o  250 F should 
be employed. 
t o  a s su re  they a r e  not h igher  than  permissible .  

"here would, however, t end  t o  be a hardened area i n  t h e  HY-80 hea t -  

The ex ten t  of hardening i n  t h e  

Also  t h e  stresses imposed on t h i s  j o i n t  should be determined 
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5. Conclusions and Recommendations 

The conclusions r e s u l t i n g  from t h i s  i nves t iga t ion  were: 

a .  A low d u c t i l i t y  weldment a c t e d  upon by s t r e s s e s  imposed 
on t h e  j o i n t  i n  s e rv i ce  was a prime cont r ibu tor  t o  t h e  s e a l  weld f a i l u r e  i n  t h e  
S/N 481489 a l t e r n a t o r .  The weld metal deposi t  was a hardenable composition 
which was quenched from t h e  welding temperature by t h e  massive, unpreheated 
HY-80 sec t ion .  

b. The o the r  four  a l t e r n a t o r s  a t  Aerojet  are sub jec t  i n  
varying degrees, t o  s e a l  weld cracking due t o  r e l a t i v e l y  low d u c t i l i t y  weldments. 

c .  The a l t e r n a t o r  drawing requirement f o r  t h e  use of Inco 
A f i l l e r  metal t o  produce t h e  HY-80 t o  mild s t e e l  s e a l  weld was not m e t  except 
f o r  l o c a l i z e d  a reas  on two a l t e r n a t o r s .  

Two recommendations were made t o  avoid f u t u r e  f a i l u r e s .  
F i r s t ,  t h e  e n t i r e  s e a l  weld between the HY-80 t runnion r ing  and t h e  mild s t e e l  
case i n  a l l  a l t e r n a t o r s  a t  Aerojet  should be repa i red  by using mul t ip le  passes  
with Inco A f i l l e r  wire and a preheat  and in t e rpass  temperature of 200°F t o  
250°F. This r e p a i r  should be simulated with t e s t  j o i n t s  t o  demonstrate i t s  
adequacy. 
and f a b r i c a t i o n  processing should be reevaluated t o  e l imina te  the  p o s s i b i l i t y  
of producing b r i t t l e  welds which a r e  subject  t o  f a i l u r e  i n  serv ice .  

Second, f o r  f u t u r e  u n i t s ,  the  seal-weld design, ma te r i a l s  s e l e c t i o n ,  

1. Turbine Industry Survey Tr ip  

During the  per iod  of 29-31 March 1966, t h e  fol lowing companies 
were v i s i t e d  t o  discuss   SNAP-^ tu rb ine  materials: 

Haynes S t e l l i t e ,  Kokomo, Ind. 

Al l i son  Divis ion,  General Motors, Ind ianapol i s ,  Ind. 

General E l e c t r i c  , Evandale , Ohio 

Westinghouse Astronuclear Laboratory, Large, Pa. 

Opinions were s o l i c i t e d  on t h e  following general  sub jec t s :  

a .  S t a b i l i z a t i o n  of FCC S t e l l i t e  6B under  SNAP-^ operat ing 
condi t ions  , 

t h e i r  r e spec t ive  t 'urbines  , 
b. General mat.eria1 requirements spec i f i ed  f o r  use i n  

c.  Spec i f i c  mater ia l s  used and turb ine  operat ing,  or t e s t  
h i s t o r y  r e l a t i v e  t o  each, 

17 
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d. 

e .  

The d e s i r a b i l i t y  of SNAP-8 use of HCP S t e l l i t e  6B. and 

Other sources t h a t  might have a d d i t i o n a l  da ta  on turb ine  
materials experience. 

The following i s  a summarization of t he  information gathered 
during t h e  severa l  v i s i t s .  

The metallurgy of S t e l l i t e  6B has not been s tudied in tens ive ly .  
No more than conjecture on s t a b i l i z a t i o n  of FCC appears poss ib le  with t h e  cur- 
r e n t l y  avai lable  technology. The FCC mater ia l  appears t o  be thermodynamically 
unstable .  However, the  t ime-temperature-structure r e l a t i o n s h i p  i s  unknown except 
f o r  SNAP-8 work. 

The opinions of a i r c r a f t  tu rb ine  manufacturers support t he  use 
of d u c t i l e  blade materials. 
at  room temperature; however, h i s t o r y  of t h e  use of l e s s  d u c t i l e  mater ia l s  e x i s t s .  

There i s  l i t t l e  experience with i n t e g r a l l y  cas t  wheels. Mechan- 
i c a l  o r  f i r - t r e e  attachment i s  general ly  used. 

The quoted minimum l i e s  between 5 and 10% elongat ion 

New a l loys  are introduced r e l u c t a n t l y  and only a f t e r  extensive 
t e s t i n g .  The turb ine  industry would r a t h e r  spend more e f f o r t  on cooling pro- 
cedures t o  gain the  las t  b i t  of c a p a b i l i t y  from es tab l i shed  a l loys .  

2.  S t e l l i t e  6B (HCP) Mechanical Proper t ies  

To e s t a b l i s h  the  s u i t a b i l i t y  of S t e l l i t e  6B i n  t h e  hardened and 
HCP condition f o r  use i n  t h e  SNAP-8 tu rb ine  assembly, a program w a s  i n i t i a t e d  t o  
s t a t i s t i c a l l y  e s t ab l i sh  the  mechanical p r o p e r t i e s  of t h e  mater ia l .  Room-tempera- 
t u r e  and elevated-temperature t e n s i l e  and Charpy V-notch impact t e s t s  w i l l  be per-  
formed. The r e s u l t s  of these  t e s t s  can then be cor re la ted  with t h e  proper t ies  of 
S t e l l i t e  6B i n  t h e  FCC condition and with t h e  p r o p e r t i e s  of o ther  mater ia l s  em- 
ployed i n  gas-turbine appl icat ions t o  permit t h e  evaluat ion of S t e l l i t e  6B as t h e  
SNAP-8 aerodynamic mater ia l .  

a. Transformation of Specimen Mate r i a l  

S t e l l i t e  6B bar  s tock was procured t o  determine i t s  proper- 
t i e s .  The rough machining of impact and t e n s i l e  specimens was i n i t i a t e d  and, con- 
cur ren t ly ,  samples of t he  ba r  s tock were thermally exposed t o  determine an o p t i -  
mized cycle fo r  c r y s t a l  s t r u c t u r e  t ransformation t o  HCP, and f o r  hardening. 
l o t  of material d i d  not respond t o  the  previously developed transformation-harden- 
ing  cycle of 1650°F f o r  4 hours p lus  1250°F f o r  48 hours. 
marizes t h e  r e s u l t s  of t h e  thermal t ransformation t rea tment .  

This 

The t a b l e  below sum- 

Thermal Transformation of S t e l l i t e  6B 
( 165O0F/4 Hour Followed by 125OoF/43 Hour) 

HCP 
Content 

Har dne s s 

-3- R C  

Pretreated mater ia l  6.7 37 

Post- t reated mater ia l  30 39 
Desired condi t ion 80 min 48.5 min 
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Groups of samples were exposed at  1250°F, 1350°F, 1450°F, and 1550°F a f t e r  an 
i n i t i a l  treatment of 1650°F f o r  4 hours. Resul ts  (Ref. 4) ind ica ted  t h a t  t h e  
t ransformation occurred most r ap id ly  with the  145O0F exposure. 
sure  of t h e  t e n s i l e  and impact t e s t  specimens was i n i t i a t e d  a t  1450'F. 

Therefore, expo- 

The r e s u l t s  of X-ray d i f f r a c t i o n  analyses  and hardness 
determinations ind icc t e  t h a t  a considerable v a r i a t i o n  e x i s t s  i n  t h e  t ransformation 
and hardening r a t e s  of t h i s  hea t  of 5/8-in.-dia b a r  s tock,  and t h a t  t h e  r eac t ion  
i s  extremely s luggish.  Nineteen specimens, a f t e r  570 hours of exposure a t  1450°F, 
exhibi ted va r i a t ions  between 80 and 92% HCP and a hardness range from RC 45 t o  
RC 50. Another group of 25 specimens, a f t e r  235 hours of exposure, exhibi ted a 
v a r i a t i o n  between 54 and 85% HCP and a hardness range from RC 44 t o  RC hl?.  

b. S t a t u s  

Previous da ta  obtaiced by Aerojet  arld by t h e  Cobalt In-  
formation Center i nd ica t e  t h a t  t h e  specimens can be considered transformed t o  
HCP when t h e i r  hardness i s  RC 48.5, minimum, and t h e  amount of HCP i s  80%, mini- 
mum. Based on t h i s  c r i t e r i o n ,  a l l  impact specimens were transformed as  a r e s u l t  
of exposure times varying from 235 t o  1100 hours a t  1450'F. 
specimens i s  i n  process .  None of t h e  t e n s i l e  specimens have reached t h e  accepted 
condi t ion a f t e r  times up t o  800 hours a t  1450°F. 
continuing slowly. 

F ina l  machining of 

Transformation and hardening are 

Turbine Mater ia l  Meta l lurg ica l  S t a b i l i t y  

a. S t e l l i t e  6E (FCC) 

A s ec t ion  of the turb ine  assernbly TA 3/2 S t e l l i t , e  6B d i a -  
phragm w a s  exposed a t  800°F f o r  1025 hours a f t e r  being r ap id ly  quenched t o  1000°F 
i n  a salt  bath from t h e  Z?50°F annealing temperature. 
ma te r i a l  was stable throughout t h e  exposure per iod a t  800~~. The specimen w a s  
then  i n s e r t e d  i n  a 120O0F furgace f o r  an aging t e a t .  After  lTlC hours a t  t h i s  
temperature,  t h e  hardness of t he  specimen had .increased t o  €?c 56 from t h e  pre-  
exposure hardness of RC 40 and t h e  s t ruc tu re  had transformed t o  a l l  HCP from t h e  
FCC s t r u c t u r e  as indica ted  by diffractometer  X-ray d i f f r a c t i o n  ana lys i s .  
t h e r e f o r e  appears extremely unl ike ly  t h a t  t he  FCC s t r u c t u r e  can be s t a b i l i z e d  a t  
t h e  1200'F tu rb ine  opera t ing  temperature. 

The FCC s t r u c t u r e  of t h e  

It 

The salt-quenched sec t ion  of the  fourth-s tage S t e l l i t e  6B 
diaphragm being exposed at 1065'F showed no f u r t h e r  change a f t e r  3955 hours 
e i t h e r  i n  hardness o r  amount of HCP present a f t e r  t h e  i n i t i a l  minor changes dur -  
i n g  t h e  i n i t i a l  400 hours of exposure. 
l i t e  6B can be s t a b i l i z e d  f o r  se rv ice  temperatures below 1065'F. 

It appears t h a t  t h e  FCC s t r u c t u r e  of S t e l -  

b. S-816 S t a b i l i t y  

Af te r  4275 hours of exposure a t  1200°F, t h e  hardness and 
c r y s t a l  s t r u c t u r e  of a s-816 specimen did not change from t h e  o r i g i n a l  hea t -  
t r e a t e d  condi t ion.  
t a b l e  by X-ray d i f f r a c t i o n  ana lys i s .  The metallographic s t r u c t u r e  ind ica ted  t h e  
p o s s i b i l i t y  t h a t  a small amount of sigma phase may have formed during t h e  exposure 
(Figure 6 ) .  However t h e  amount and d i s t r i b u t i o n  appears t o  be such, i f  i n  f a c t  it 
i s  sigma, t h a t  no se r ious  e f f e c t  on the p rope r t i e s  of t h e  mater ia l  would be a n t i c i -  
pa ted .  

The hardness remained RC 30 and only t h e  FCC phase w a s  detec-  
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4. PH 15-7 Mo Second-Stage Shroud 

Redesign of t h e  SNAP-8 tu rb ine  assembly second-stage nozzle 
diaphragm, during t h e  l a t t e r  p a r t  of 1965, incorporated t h e  use of a d i s s i m i l a r  
metal  shroud mechanically a t tached  t o  t h e  S t e l l i t e  6B diaphragm. 
requirement was t h a t  t h e  c o e f f i c i e n t  of expansion of t h e  shroud m a t e r i a l  should 
be no g rea t e r  than t h a t  of S t e l l i t e  6B. O f  t h e  candidate a l l o y s  inves t iga t ed ,  
PH 15-7 Mo (heat  t r e a t e d  t o  TH 1050 condi t ion)  w a s  s e l e c t e d  for second-stage 
shroud use because it appeared t o  meet t h e  design requirements and it  w a s  most 
r e a d i l y  ava i lab le .  

A design 

Di s to r t ion  of t h e  PH 15-7 Mo second-stage shrouds removed 
from the  TA 2/3 and TA 5 / 2  t u rb ine  assemblies was noted a f t e r  143 and 42 hours 
of operat ion respec t ive ly .  
ova l i t y .  The excessive d i s t o r t i o n  of t he  shrouds was unacceptable.  

The p a r t s  were a x i a l l y  warped and a l s o  exh ib i t ed  

Therefore, an  inves t iga t ion  ( R e f .  5 )  of t h e  p r e c i p i t a t i o n  
hardenable s t a i n l e s s  s t e e l ,  PH 15-7 Mo, w a s  conducted t o  determine i f  
meta l lurg ica l  i n s t a b i l i t y  had cont r ibu ted  t o  t h e  d i s t o r t i o n ,  i n  s e rv i ce ,  of 
t h e  SNAP-8 turb ine  second-stage shrouds f a b r i c a t e d  from t h i s  a l l o y .  It was 
determined t h a t  t h i s  ma te r i a l  i n  t h e  TH 1050 condi t ion  i s  me ta l lu rg ica l ly  
unstaoble and t h a t  dimensional changes would occur a t  t h e  se rv i ce  temperature,  
1065 F. 
a t  lO65OF a f t e r  t h e  TH 1050 hea t  t rea tment )  t o  produce s t a b i l i t y  p r i o r  t o  
f i n a l  machining of components. It was a l s o  determined t h a t  considerable  
v a r i a t i o n  i n  response t o  t h i s  t reatment  between l o t s  should be a n t i c i p a t e d .  
It was recommended t h a t  PH 15-7 Mo be employed only as a n  in t e r im  a l l o y  f o r  
SNAP-8 turb ine  assembly app l i ca t ions  and t h a t  components of an  a l t e r n a t i v e  
a l l o y ,  s-816 or Lapelloy, should be s u b s t i t u t e d .  E s t i m a t e s  of t he  mechanical 
and phys ica l  p rope r t i e s  of t h e  s p e c i f i c  l o t s  of material inves t iga t ed ,  i n  t h e  
s t a b i l i z e d  condition, were made. 

An in- fabr ica t ion  thermal t reatment  was developed (a 50-hour soak 

5. Inconel 718 Retainer  Spring 

Metallographic examination of t h e  Inconel  71.8 r e t a i n e r  
spr ing  from the  f i r s t - s t a g e  of TA 6/1 a f t e r  117 hours of operat ion ind ica t ed  
t h a t  t h e  i r o n  and n i cke l  p l a t i n g  had not been a f f ec t ed .  The i r o n  p l a t i n g  was 
i n t a c t  and was uniformly 0.93 m i l s  th ick ;  t h e  e l e c t r o l e s s  n i cke l  p l a t i n g  over 
t h e  i r o n  t o  prevent atmospheric corrosion was uniformly 0.13 m i l s  t h i c k  and 
showed no evidence of mercury corrosion or l o s s  of i n t e g r i t y .  These dimensions 
a r e  e s s e n t i a l l y  i d e n t i c a l  with those obtained from another  r e t a i n e r  i n  t h e  as- 
p l a t e d  condition. 
o r i g i n a l  RC 44 by the  opera t iona l  exposure. It w a s  concluded t h a t  t h e  Inconel  
718 i s  adequate f o r  t h e  intended a p p l i c a t i o n  from a me ta l lu rg ica l  s tandpoin t  
and t h a t  possibly a l l o y s  with r e l a t i v e l y  high n i c k e l  conten ts  may be usable  
i n  t h e  dryer  s tages  of t h e  t u r b i n e  without ca t a s t roph ic  Hg cor ros ion  occurr ing.  

The hardness of t h e  base metal had not a l t e r e d  from t h e  

6. I n t e r s t a g e  Pressure  Tap J o i n t  

The t u rb ine  assembly i n t e r s t a g e  p res su re  t a p s  c o n s i s t  of 
mild s t e e l  pipe threaded i n t o  t h e  gCr-lMo t u r b i n e  case  employing a Dryseal 
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pipe th read .  
brazing a l l o y  j o i n t  prevents loosening of t h e  threaded j o i n t  by ope ra t iona l  v ib ra -  
t i o n s  and, coincidental ly ,  provides a backup seal.  This j o i n t  design was se l ec t ed  
as t h e  most p r a c t i c a l  t o  incorporate  i n  finish-machined tu rb ine  assembly housings 
( t h e  only type a v a i l a b l e ) .  
1000°F. 
i l lust rates  t h e  mechanical s e a l  provided by t h e  th reads  and t h e  l abyr in th  passage 
formed from t h e  in s ide  of t h e  t u r b i n e  assembly t o  t h e  e x t e r i o r  braze j o i n t ,  a pas- 
sage which should minimize, i f  not prevent, l i q u i d  Hg exposure of t h e  braze during 
tu rb ine  assembly operat ion.  

The Dryseal thread provides t h e  Hg seal  and an Easy Flo s i l v e r  

The maximum se rv ice  temperature of t hese  j o i n t s  i s  
The j o i n t  configurat ion i s  i l l u s t r a t e d  i n  Figure 7a. Figure 7a a l s o  

a .  Elevat.ed Temperature I n t e g r i t y  of Rraze J o i n t  

Typical sect ions represen5ing t h e  optimum braze j o i n t  con- 
f i g u r a t i o n  which was iccorporated i n  TA 5-2 ( c u r r e n t l y  being i n s t a l l e d  f o r  PCS-1 
Phase IV for Step 2 t e s t ing !  were exposed a t  1000°F i n  a i r  for 1968 hours t o  de- 
termine i f  t h e  operat ing environment w i l l  a f f e c t  t h e  i c t e g r i t y  of t h e  j o i n t .  
Metallographic examination of individual  specimens a f te r  various periods of expo- 
sure  (Figure 7b) indicated t h a t  t h e  j o i n t  had r e t a ined  i t s  l n t e g r i t y  without 
i d e n t i f i a b l e  d i f f u s i o n  e f f e c t s .  It was concluded t h a t  t h i s  j o i 2 t  configuration 
would be adequate f o r  a me ta l lu rg ica l  standpoint for periods cf a t  least 2000 hours 
and p o t e n t i a l l y  f o r  considerably longer per iods of t9rne. It appeared t h a t  oxida- 
t i o n  o f  t h e  m i l d  s t e e l  would be t h e  l i m i t i n g  fact .cr  i n  t h e  l i f e  o f  t h e  j o i n t .  

b .  Braze J o i n t  Propert ies  i n  TA S/E 2-3 Unit 

It mlght be des i r ab le  i n  t h e  futlx-e to break these  j o i n t s  
t o  remove t h e  t a p s ,  o r  an u rxa t i s f ac to ry  design may r e s d t  i n  excessive braze 
j o i n t  leakage during Hg locp p r e s t a r t  evaluat ion.  
lems because of two ur-favorable conditions.  
l eak ing  pressure t a p s  on TA 2/3 i n  PCS-1 during t h e  Phase IV Step  2 w a s  performed 
under adverse circumstances of cleafiliness acd a c c e s s i b i l i t y .  
su re  t a p  f i t t i n g s  were employed i n  t h i s  p a r t i c u l a r  TA aasemkly. Because of t h e  
higher  c o e f f i c i e n t  of expamior_ of 316 SS compared t o  t h e  9Cr-LMo s t e e l  housitlg, a 
high t e n s i l e  stress on t h e  braze material could occur during cooldown af te r  system 
operat ion.  
melt temperature of a wide gap j o i n t  and the l a p s h e a r  s t r eng th  of the j o i n t  near 
t h e  melt ing temperature. This information would a i d  i n  t a p  removal f o r  rebrazir,g 
should it prove necessary. 

These appear as p c t e n t i a l p r o b -  
F i r s t ,  t h e  i n - s i t u  brazing of t h e  

Second, 316 SS pres-  

Lap shear type tes t s  were performed t o  deterazine t h e  approxixate re- 

The brazed specimens were suspefided v e r t l c a l l y  with a 
9.5- lb  weight susperded from t h e  lower ezd. Thermocouples were capacitance d i s -  
charge welded t o  t h e  s t e e l  a t  t h e  j o i n t .  The specimens were k;eated by induct ion 
t o  1000°F and s t a b i l i z e d  a t  t h a t  temperature f o r  approximately 15 seconds. 
temperature w a s  then  increased a t  a3 average rate of 75'F/%!in u n t i l  specimen 
s e p a r a t i o n  occurred. A l l  of t h e  specimens fa i led  i n  t h e  braze a l l o y  a t  an average 
temperature of llL5'F and an  average lap-shear s t r eng th  of L7 p s i .  
f e a s i b l e  t c  remove t h e  t a p s  fron? t h e  turbine assembly i f  necessary by heat ing com- 
bined w i t h  mechanical unthreading without exceedlng t h e  t r ans fo rna t ion  temperature 
of t h e  9Cr-lMo s t e e l .  

The 

It appeared 

Apparently because of t h e  t e s t  specimen j o i n t ' s  wide gap, 
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t h e  remelt temperature of t h e  braze a l l o y  i s  i d e n t i c a l  t o  t h e  o r i g i n a l  melting I 
temperature. 
perature  would tend t o  be higher due t o  a l loy  e f f e c t s  with the  base metal (Ref. 6 ) .  
Such a design e x i s t s  i n  the  TA 5 / 2  u n i t .  
cated with smaller gaps t o  provide necessary information f o r  rework preplanning. 

With control led gap brazing (0.002 t o  0.004 i n . )  t he  remelt tem- 

Therefore, these  t e s t s  w i l l  be dupl i -  

22 
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V. EVALUATION OF -1 B O I U R  (P/N 092020-1F, S/N A-1) 

The i n t e r f a c e  component between the  NaK primary loop and t h e  Hg loop i n  the  
SNAP-8 system i s  the  b o i l e r .  
NaK t o  t h e  Hg, producing Hg vapor t o  dr ive t h e  tu rb ine -a l t e rna to r  assembly. 
The -1 b o i l e r  (Figure 8)  i s  a combination cross-counter flow, tube- in-she l l  
hea t  exchanger. 
double-lead h e l i c e s .  
end of each of t h e  four  p a r a l l e l  f l 3 w  passages,  
flow s e c t i o n  i s  a s o l i d  rod centered within the  tube and separa ted  from t h e  
tube w a l l  by a 0.135-in. diameter wire wrapped around t h e  rod. 
a s p i r a l  flow path f o r  t h e  mercury. T h l s  plug i n s e r t  continues through the  
b o i l e r  f o r  10 f t .  Downstream of t h e  plug, t h e  s p i r a l  Hg flow i s  maintained 
by a tw i s t ed  ribbon i n s e r t  with a p i tzh  of 7.2 i n .  which c o n t h u e s  f o r  t h e  
remainder of t h e  b o i l e r  length.  
dens i ty  l i q u i d  from the  vapor, making t h e  b o i l e r  operet ion i n s e n s i t i v e  t o  
g rav i ty  and increas ing  hea t - t r ans fe r  r a t e s  ' k e  mercury c o i l s  a r e  surrounded 
by two concent r ic  c y l i n d r i c s l  s h e l l s  which form an  annular  flow passage f o r  
t h e  r e a c t o r  coolant ,  NaK-78 ( t h e  e u t e c t i c  mixture of sodium and potassium). 
The Hg tubes a r e  0.902-in. D by 0.l25-in. wall 9Cr-lMo s t e e l ,  and t h e  s h e l l  
i s  316 SS. 
low-carbon s t e e l  wire .  
t h i ck .  

This component i s  used t o  t r a n s f e r  hea t  from t h e  

The mercury flow i n  four 60-ft-long tubes c o i l e d  on two 
A plug t o  r e s t r i c t  Hg flow i s  placed i n  t h e  Hg i n l e t  

The plug Sn t h i s  r e s t r i c t e d  

The wire  forms 

The s w i r l  flow serves  separa te  t h e  high- 

The plug cons i s t s  of a 0.600-in. 03 low-carbon steel  rod and 
The ribbon i s  a l s o  of low-carbon s t e e l ,  0.016-in. 

Loop t e s t i n g  of t h e  boiler ( S / N A - l )  w a s  :n i t$a ted  i n  July 196k using 
the  RPL-2 f a c i l i t y .  After s x c e a s f u l  completion of a performance t e s t  prJgram 
i n  J u l y  1965, t h e  b o i l e r  was renwed frm t h e  lo sp  and a me ta l lu rg ica l  
eva lua t ion  was conducted. 

A. OPERATING H I S T O E  

1. NaK Side 

The nominal r a t e d  design condi t ions on t h e  NaK sLde of t h e  
b o i l e r  are l i s t e d  i n  Table 7. A t  t h e  t i m e  of i n s t a l l a t i o n  of the  -1 b o i l e r  
i n  t h e  RPL-2, t h e  NaK prlmary I m p  was operat ing without a NaK p u r i f i c a t i o n  
system. Design and operat ing d i f f i c u l t i e s  were experSenced i n t e r m i t t e n t l y .  
P u r i f i z a t i o n ,  t o  whatever l e v e l  was szhieved, was accomplished during t h e  
i n i t i a l  per iod  of b o i l e r  operat ion - pr imar i ly  through mul t ip le  ho t  dumps 
p r i o r  t o  each operat ing period. 
s u f f i c i e n t  t o  produce s i g n i f i c a n t  mass t r a n s f e r  during t h i s  oxygen-contaminated 
ope ra t ing  per iod  i n  many of t h e  components, t he  EM punp, and t h e  ven tu r i  f low 
meters.  Toward t h e  middle of t h e  t e s t  per iod,  t h e  co ld  t r a p  of t h e  p u r i f i c a t i o n  
system became opera t ive .  Although pluggfng meter runs were not made, it i s  
es t imated ,  based on per iodic  examination of components ( t h e  absence of NzK 
mass- t ransfer  depos i t s  ), and the  co ld  t r a p  operat ing temperature 200-250 F, 
t h a t  a n  oxygen content of 25-40 ppm was maintained during t h e  l a s t  llb0 
hours of a t o t a l  NaK-side operat ing time of 2350 hours. 

The r e s u l t a n t  oxygen zontamlnation w a s  
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2. Hg Side I 
The r a t e d  design parameters of t h e  Hg s i d e  of t h e  b o i l e r ,  and 

t y p i c a l  performance c h a r a c t e r i s t i c s  during t h e  t es t  per iod,  are shown i n  Table 7. I 

The b o i l e r  s t a r t e d  t h e  t e s t  s e r i e s  with a less - than-sa t i s fac tory  hea t  - t r a n s f e r  
c a p a b i l i t y  (unconditioned s ta te ) ,  and sa tu ra t ed  vapor was not produced (Ref. 7 ) .  
From November 1964 through March 1965, t h e  b o i l e r  was operated i n t e r m i t t e n t l y  
f o r  a t o t a l  of approximately 300 h r  with a rubidium (Rb) add i t ive  i n  t h e  Hg t o  
promote f u l l  conditioning and t o  a t t a i n  r a t ed  b o i l e r  o u t l e t  condi t ions.  
continued t h e r e a f t e r  without Rb u n t i l  a t o t a l  of 1415 operat ing hours were 
logged. 
cha rac t e r i za t ion  t e s t s  were conducted under varying o f f - r a t ed  opera t ing  
condi t ions.  

Test ing 

During the  l a s t  h a l f  of t he  tes t  per iod  (approximately 700 h r ) ,  b o i l e r  

B. Hg INLET PLUG 

The mild s t e e l  b a r  and mild s t e e l  wire  t h a t  comprised t h e  Hg i n l e t  
plug (Figure g), contained v i s u a l  sur face  de fec t s  r e s u l t i n g  from b o i l e r  operat ion.  
The more severe a t t a c k ,  Figure 9 and Table 8, w a s  found on the  wire  i n  t h e  t i g h t -  
p i t c h  (high v e l o c i t y )  length.  
assumption t h a t  high poin ts  i n  t h e  micrographs represent  t h e  p r e t e s t  metal  
sur face  pos i t ion .  

A l l  e s t imates  of defect  depth a r e  based on the  

The w i r e  was wound around t h e  plug such t h a t  t h e r e  e x i s t e d  a gap 
between t h e  two. This gap apparent ly  allowed bypass of t h e  Hg r e s u l t i n g  i n  
a t t a c k  of t h e  wire  sur face  a t  t h e  i n t e r f a c e  a t  a r a t e  of 3 mils/1000 hours. 
Although the re  i s  no evidence t h a t  t h e  a t t a c k  of t h e  plug caused reduced 
b o i l e r  performance i n  t h e  t o t a l  1425 hours of Hg-side opera t ion ,  it i s  presumed 
t h a t  continued operat ion would have u l t ima te ly  degraded t h e  hea t  t r a n s f e r .  The 
degradation would have been caused by a decreased liquid-Hg v e l o c i t y  through 
t h e  plug a rea .  The Hg v e l o c i t y  decreases when wire material i s  removed and 
Hg flow assumes more of an a x i a l  flow d i r e c t i o n  r a t h e r  than  s p i r a l  flow through 
t h e  h e l i c a l  channel formed by an unaffected w i r e .  
by wire a t t a c k  probably would be counterbalanced somewhat by increased  su r face  
wet t ing  of the  plug length sur faces  by t h e  Hg with continued b o i l e r  operat ion.  
Wetted surfaces  add ma te r i a l ly  i n  e f f e c t i n g  optimum hea t  t r a n s f e r  t o  t h e  boiler. 
There are no previous t e s t  data on which t o  base an  es t imate  of t h e  time requi red  
t o  produce measurable degradation. 

This h e a t - t r a n s f e r  degradat ion 

C. TWISTED RIBBON TURBULATOR 

The twis ted  ribbon t u r b u l a t o r  l oca t ed  downstream of t h e  plug contained 
a reas  of mass- t ransfer  material depos i t ion  which v i s u a l l y  appeared uniform but  
which w a s ,  i n  f a c t ,  spongy and d e n d r i t i c  and e x i s t e d  a s  d ispersed  ind iv idua l  
accumulations (Figure 10). 
t h e  he ight  of t h e  deposi t  increased  t o  a maximum of 3 . 3  m i l s  a t  approximately 
46 f t ,  8 in .  from t h e  i n l e t .  

Along t h e  length  of t h e  tube from t h e  Hg i n l e t ,  

X-ray examination of tubes (Ref. 1) showed t h a t  t h e  ribbon contained 
a reas  of l o c a l  d i s t o r t i o n  which e x i s t e d  during b o i l e r  opera t ion .  These a r e a s  
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apparently acted as corrosion product t r a p s  where unusually l a rge  accumulations 
of mater ia l  were found, 1 5  m i l s  t h i c k  or grea te r ,  causing an unknown amount of 
reduction i n  the  tendency f o r  product carryover t o  t h e  turb ine .  

D. EXTRAPOLATED BOILER TUBE: LIFE 

Three 9Cr-lM0 s t e e l  bo i l e r s  have been operated and evaluated as p a r t  
of the  SNAP-8 program. Two were 1/19 sca le  models and the  t h i r d  was the  -1 full- 
sca le  configuration. The t e s t  parameters var ied s u f f i c i e n t l y  between these  th ree  
t h a t  it i s  impract ical  t o  attempt a cor re la t ion  of t h e  da t a .  
t e s t s  indicated t h a t  gCr-lMo s t e e l  may be marginal f o r  10,000-hour serv ice .  
t h e  same time, t h e  observations made during these  t e s t s  should be of s i g n i f i c a n t  
value i n  the  ul t imate  r e l i a b l e  estimation of gCr-lMo s t e e l  bo i l e r  l i f e .  
observations were: 

Qua l i t a t ive ly ,  t h e s e  
A t  

These 

0 The l i q u i d  Hg ve loc i ty  has a d i s t i n c t  e f f e c t  on 
bo i l e r  conditioning. 

0 The a t t a c k  p a t t e r n  i n  the  b o i l e r  depends on the  
conditioned s t a t e  during bo i l e r  operation. 

e The maximum a t t a c k  i s  apparent ly  associated with 
the  liquid-Hg sect ion and t h e  high-heat- t ransfer  
a rea  of t h e  bo i l e r  tube. 

The t e s t s  a r e  described below and the r e s u l t a n t  data a r e  used t o  es t i -  
mate t h e  ava i lab le  maximum l i f e  of each b o i l e r  u t i l i z i n g  an assumption of an i n -  
creased w a l l  th ickness  t o  .200 in .  (assuming tha t  t h i s  thickr,ess would s a t i s f a c -  
t o r i l y  t ransmit  h e a t ) .  The extremely conservative assumption i s  made t h a t  pene- 
t r a t i o n  through the  added w a l l  thickness can be accepted and tha t  maximum a t t a i n -  
ab le  l i f e  i s  defined by the  period required! t o  penetrate  t o  the  point  where t h e  
o r i g i n a l  0.090-in. w a l l  remains. 

1. CL-3 Subscaie Boi ler  Test  

Figure 11 descr ibes  a 1/19 sca i e  tube-in-tube bo i l e r  t es t  f n  
t h e  Corrosion Loop 3 (CL-3) f a c i l i t y .  
a c t u a l  MaK temperature measurements. The p i t  depth curve r e s u l t e d  from measure- 
ments of t he  maximum depth made a t  various poin ts  along the  length of t h e  tube.  
A t  t h e  s ta r t  of t h i s  t e s t ,  t he  bci ler  operated i n  a deconditioned s t a t e .  During 
ope ra t ion  t h e  performance of t he  boi le r  continued t o  imprcve. The b o i l e r  became 
more and more conditioned acd the  high-heat- t ransfer  a rea ,  as defined by t h e  s t eep  
s lope por t ion  of t h e  Hg temperature p ro f i l e  curve, continuously s h i f t e d  from t h e  
Hg o u t l e t  end t o  the  l e f t  and ul t imately reached the  p o s i t i o n  shown. 
represerhs  s teady-s ta te  conditioned operation f o r  the  last  2200 hours of t he  4400- 
hour t e s t .  It appears t h a t  t h e  p a t t e r n  of pene t ra t ion  d i s t r i b u t i o n  along the  tube 
length  i s  associated with:  (a )  the  var iable  operat iQg condition i n  t h a t  t he  pene- 
t r a t i o n  appears t o  have occurred along a s i g n i f i c a n t  length of t h e  tube,  and ( b )  
t h e  moving high-heat- t ransfer  area,  where the  maxirnum p i t  depth, f o r  example, ap- 
pears  assoc ia ted  wi th  the  loca t ion  of the high-heat- t ransfer  a rea  during the  
longes t  p o r t i o n  of t h e  t e s t .  

The Hg temperature p r o f i l e  w a s  deduced from 

The curve 
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With the  conservative assumptions descr ibed i n  t h e  paragraph 
immediately above, and using the  maximum p i t  depth and t h e  assumed as soc ia t ed  
2200 hours required t o  develop t h i s  p i t ,  it i s  est imated t h a t  a b o i l e r  of t h i s  
type with 0.2- in .  t h i c k  tube w a l l s  would have operated between 5000 and 6000 hours 
p r i o r  t o  f a i l u r e .  

2. CL-4 Subscale Boi le r  Test  

Figure 12  i l l u s t r a t e s  a second 1/19 subscale  b o i l e r  t e s t  
conducted i n  Corrosion Loop 4. 
a l s o  t e s t e d  a tube-in-tube b o i l e r  of t he  same design except t h a t  t h e  Hg i n l e t  
plug was changed a f t e r  an  i n i t i a l  deconditioned operat ing per iod  t o  s i g n i f i c a n t l y  
increase  the  l i q u i d  Hg ve loc i ty  from 0.9 t o  6 fps .  This v e l o c i t y  change produced 
an  immediate e f f e c t  on b o i l e r  performance. During the  i n i t i a l  650-hour opera t ing  
per iod ,  t h i s  b o i l e r  exhib i ted  a rnercury temperature p r o f i l e  with t h e  high-heat-  
t r a n s f e r  a rea  loca ted  approximately a t  t h e  Hg o u t l e t  s imilar  t o  t h e  CL-3 b o i l e r .  
The increased ve loc i ty  immediately conditioned t h e  b o i l e r  a l t e r i n g  t h e  Hg 
temperature p r o f i l e  curve i n  one s t e p  where the  h igh-hea t - t ransfer  a r ea  
suddenly s h i f t e d  t o  t h e  po in t  i nd ica t ed  i n  Figure 12. Comparison of t h i s  
f i g u r e  with Figure 11, ind ica t e s  t h a t  t h i s  high liquid-Hg v e l o c i t y  change 
produced a marked d i f fe rence  i n  t h e  tube w a l l  pene t r a t ion  p a t t e r n  of CL-4 
compared t o  CL-3. Two d i s t i n c t  a r e a s  of pene t ra t ion  a r e  observed i n  CL-4. 
The f i r s t  a t  t he  b o i l e r  o u t l e t  which appears a s soc ia t ed  with +,he i n i t i a l  650 
hours of deconditioned operat ion and another  a rea  a t  t h e  b o i l e r  tube i n l e t  
which appears assoc ia ted  with t h e  high-heat - t r a n s f e r  a r ea  of t h e  mercury tempera- 
t u r e  p r o f i l e  which ex i s t ed  during t h e  f i n a l  1850 hours of s t eady- s t a t e  condi t ioned 
operat ion.  &king t h e  same assumptions as with CL-3, a c a l c u l a t i o n  w a s  made 
t h a t  predicted a maximum a t t a i n a b l e  l i f e  a b o i l e r  of t h i s  type with 0.2- in .  t h i c k  
walls of approximately 7000 hours.  

CL-4 was of i d e n t i c a l  design t o  CL-3. It 

3 -  -1 Boi l e r  Estimated L i fe  

Figure 13 i l l u s t r a t e s  a t es t  of t h e  f u l l - s c a l e  tube - in - she l l  
-1 b o i l e r  (P/N 092020-1F S / N  A-1) conducted i n  t h e  RPL-2 f a c i l i t y .  
conditioned s t a t e  of t h i s  b o i l e r  w a s  comparable t o  t h a t  experienced i n  t h e  
a - 3  t e s t .  That i s ,  t h e  b o i l e r  performed i n  a deconditioned s t a t e  i n i t i a l l y  
and, as operation continued, performance improved and t h e  h igh-hea t - t ransfer  
a r e a  of t h e  Hg temperature p r o f i l e  moved from an  i n i t i a l  l o c a t i o n  a t  t h e  
b o i l e r  o u t l e t  t o  t h e  l e f t  u n t i l  it u l t ima te ly  reached t h e  pos i t i on  represented 
by curve B. The penet ra t ion  d i s t r i b u t i o n  p t t e r n  a long  t h e  length  of t h e  tclbe 
a l s o  appears t o  have been generated by t h e  same phenomena as i n  CL-3; i . e . ,  
t h e  cont inua l ly  improved condi t ioning with opera t ion  and t h e  continuous move- 
ment of t h e  h igh-hea t - t ransfer  a r e a  of t h e  Hg temperature p r o f i l e  curve. 
t h e  r e s u l t s  appear t o  confirm t h e  assumption of t h e  q u a l i t a t i v e  c o r r e l a t i o n  Of 

t h e  pene t ra t ion  p a t t e r n  with continued b o i l e r  condi t ioning.  
same assumptions a s  were made for t h e  previous two subsca le  b o i l e r  t e s t s ,  it 
i s  ca l cu la t ed  t h a t  t h e  maximum a t t a i n a b l e  l i f e  f o r  a b o i l e r  of t h i s  type w i t h  
0 .2- in .  t h i c k  walls was approximately 11,000 hours .  Thus, t h e  corrosion rate 
does not  appear excessive f o r  SNAP-8 l i f e  requirements .  

The varying 

Thus, 

By making t h e  
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These th ree  b o i l e r  t e s t s  were run under such d iverse  condi t ions 
t h a t  c o r r e l a t i o n  of the data t o  a r r i v e  a t  a r e l i a b l e  conclusion as t o  the  
c a p a b i l i t y  of 9Cr-lMo s t e e l  t o  meet SNAP-8 l i f e  requirements i s  not  f e a s i b l e .  
However, these  data  p lus  those of o ther  tests both completed and i n  process 
w i l l  r e s u l t  i n  an  a n a l y t i c a l  model which r e l a t e s  Hg corrosion p o t e n t i a l  t o  
b o i l e r  design and operat ing variables. 
and t h e  cont ro l  required t o  reduce the  corrosion p o t e n t i a l  of t h e  SNAP-8 b o i l e r  
mater ia l .  
corrosion p o t e n t i a l  w i l l  be designed, f ab r i ca t ed  and t e s t e d  t o  confirm t h e  
a n t i c i p a t e d  l i f e  of 9Cr-1Mo s t e e l .  The t e s t  i s  scheduled t o  start  i n  the  

This model w i l l  i n d i c a t e  t h e  parameters,  

With t h i s  information, a 9Cr-lMo b o i l e r  which e x h i b i t s  minimum Hg 

~aii of 1966. 
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V I .  CORROSION LOOP PROGRAM 

The object ives  of t h i s  program a r e  t o  determine corrosion and mass-transfer 
p a t t e r n s  i n  the  mercury and N a K  loops of t h e  SNAP-8 system, and t o  evaluate  t h e  
corrosion r e s i s t ance  of t h e  SNAP-8 reference materials with regard t o  t h e  10,000- 
hour l i f e  requirement. 
gate mercury bo i l e r  hea t - t r ans fe r  c h a r a c t e r i s t i c s .  

I n  add i t ion ,  t h e  corrosion loops have been used t o  i n v e s t i -  

Corrosion loops 1 and 2 (CL-1  and CL-2) were constructed of Haynes 25 a l l o y .  
Operation of t he  f i r s t  loop w a s  completed i n  1962. 
i n t o  component t e s t  loop 2 (CTL-2) t h a t  w a s  operated t o  check t h e  performance of 
c e r t a i n  components t o  be  used i n  subsequent loops and t o  run mercury b o i l e r  per-  
formance tes t s .  

The second loop w a s  converted 

Operation of CTL-2 w a s  completed i n  1965. 

The mercury containment material for CL-3 and -4 w a s  9Cr-lMo s t e e l .  
NaK primary loop was constructed of 316 SS with a sec t ion  o f  Hastel loy C i n  t h e  
low-temperature a r e a  and sec t ions  of chromized Hastel loy N and 347 SS i n  t h e  high- 
temperature a rea .  

The 

Type 316 SS was used f o r  t h e  NaK condensing loop. 

Operation o f  CL-3 was completed i n  December 1964 and w a s  disassembled f o r  
evaluat ion.  
loop through December 1965 was mainly t o  t e s t  mercury b o i l e r  performance, as r e -  
ported i n  Reference 1. 

Corrosion loop 4 w a s  s t a r t e d  i n  January 1965 and t h e  operat ion of t h e  

I n  January 1966, t h e  emphasis o f  t h e  Corrosion Loop Program w a s  s h i f t e d  
from b o i l e r  performance t e s t i n g  t o  a program with t h e  ob jec t ive  of determining the 
maximum p o t e n t i a l  l i f e  of a SNAP-8-type mercury b o i l e r  using 9Cr-Wo s tee l  as t h e  
mercury containment material. 

The approach t o  t h e  new ob jec t ive  i s  ou t l ined  as follows: 

0 Set  up a mathematical model t h a t  desc r ibes  t h e  corrosion i n  
t h e  preheat s ec t ion  o f  a SNAP-8-type mercury b o i l e r  and con- 
duct a parametric a n a l y s i s  of t h e  b o i l e r  t o  determine t h e  
design parameters t h a t  can be modified t o  lower t h e  mercury 
corrosion rate i n  t h e  b o i l e r .  

0 Conduct capsule t e s t s  t o  develop a procedure t h a t  w i l l  as- 
sure complete l o c a l  wet t ing of t h e  mercury b o i l e r  contain- 
ment t ube .  Complete mercury wet t ing w a s  considered neces- 
sary s o  t h a t  reproducible r e s u l t s  could be achieved i n  loop 
tes t s  designed t o  t e s t  t h e  model t h a t  desc r ibes  t h e  corro- 
sion i n  t h e  b o i l e r .  

0 Modify CL-4 b o i l e r  so  t h a t  short-term prel iminary tes ts  can 
be  made t o  t e s t  t h e  wet t ing procedure and t h e  r e s u l t s  of t h e  
parametric a n a l y s i s  t h a t  desc r ibes  t h e  corrosion i n  t h e  
b o i l e r .  

0 Using t h e  r e s u l t s  of t h e  short-term tes t s ,  design and oper- 
a t e  a mercury b o i l e r  i n  CL-4 f o r  an  extended per iod ("2500 
hours) t o  determine t h e  corrosion p a t t e r n  and ra te  i n  a 9cr- 
lMo b o i l e r .  
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I n  a ~ - l i t i o n  t o  t h e  work planned with CL-4, t he  planning f o r  a singAe-phase 
l i q u i d  mercury loop designated corrosion mechanism loop 1 (CML-1) w a s  i n i t i a t e d .  
The objec t ive  of t h i s  loop i s  t o  determine t h e  mechanism t h a t  cont ro ls  t h e  corro- 
s ion  of 9Cr-lMo i n  mercury. 

A .  CORROSION LOOP 4 BOILER EVALUATION 

Corrosion Loop 4 was shut down a f t e r  t h e  completion of t h e  grav i ty-  

The t o t a l  time of mercury 
type separa tor  t e s t s  (Ref. 1) and the  mercury b o i l e r  w a s  removed f o r  eva lua t ion .  
The CL-4 mercury b o i l e r  i s  described i n  Reference 8. 
bo i l ing  w a s  2576 hours which included the following t e s t s :  

650-hour corrosion t e s t  

564 hours f o r  hea t - t r ans fe r  tests 

830 hours f o r  mix-4P3E in j ec t ion  and condi t ioning tes ts  

359-hour multimetal  plug corrosion t e s t  

l73-hour mix-bP3E separator  t e s t  

Various NaK p r o f i l e s  were generated during these  t e s t s ;  however, most 
of these  p r o f i l e s  can be represented by two t y p i c a l  p r o f i l e s .  The c h a r a c t e r i s t i c  
p r o f i l e  f o r  t he  650-hour corrosion run appears as Curve 1 on Figure 14. 
b o i l i n g  f o r  t h i s  p r o f i l e  occurred 50 to 60 f t  from t h e  mercury i n l e t .  
p r o f i l e  (Figure 14, Curve 2)  i s  t h e  c h a r a c t e r i s t i c  p r o f i l e  for t h e  last  1926 hours 
of mercury boi l ing .  
mercury i n l e t .  

Mercury 
The o ther  

For t h i s  p r o f i l e  mercury b o i l i n g  occurred 2 t o  8 f t  from t h e  

After  t h e  b o i l e r  w a s  removed from t h e  loop, t he  tubing w a s  s p l i t  
l ong i tud ina l ly  using a band saw. 

1. NaK Side of t he  Boiler 

a. 316 S ta in l e s s  S t e e l  Tubing 

The 316 SS outer  s h e l l  o f  t h e  mercury bo i l e r  v i sua l ly  
showed no evidence of  corrosion or mass t r a n s f e r .  

b. Outside Diameter of t h e  9Cr-lM0 Tubing 

P i t t i n g  and meta l lurg ica l  change were evident a t  t h e  OD 
P i t s ,  0 . 0 0 1 t o  0.0015 i n .  deep, were of t h e  9Cr- lM0 b o i l e r  tub ing  (Figure 1 5 ) .  

p resent  a long  t h e  e n t i r e  length of t he  b o i l e r  s ec t ion .  Decarburization and gra in  
growth began about 15 t o  20 f t  from the mercury b o i l e r  i n l e t .  There w a s  a gradual 
i nc rease  i n  t h e  amount of decarburizat ion and gra in  growth as t h e  d is tance  from 
t h e  Hg i n l e t  increased and, consequently, as t h e  NaK temperature increased.  P r i o r  
a n a l y s i s  (CL-3 b o i l e r )  indicated t h a t  t h i s  type of decarburizat ion and gra in  growth 
a r e  t y p i c a l  f o r  9cr-1Mo s t e e l  i n  a ~NW-8-type b o i l e r .  
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2. Mercury Side of 9Cr-lMo Tubing 

a. Coi l  Sect ion 

1 One area of pronounced p i t t i n g  occurred i n  t h e  co i led  sec- 
This area w a s  approximately 50 t o  60 f t  from t h e  mer- t i o n  of t he  mercury b o i l e r .  

cury i n l e t .  
f l u x  area f o r  t h e  650-111- corrosion run (Figure 1 4 ) .  
w a s  0.0065 i n .  
s ing le  p i t s ,  p i t s  combined i n t o  straight l i n e  segments, and p i t s  combined i n  t h e  
form of c i r cu la r  dished out  areas. 
with the  c i r cu la r  dished out a reas  between them. 

The loca t ion  of  t h i s  p i t t i n g  a rea  coincides  with t h e  maximum hea t  
The deepest p i t  i n  t h i s  area 

i s o l a t e d  

The l i n k  segments were about 1-1/2 i n .  a p a r t ,  

The p i t s  assumed one of t h ree  d i f f e r e n t  configurat ions:  I 
I 

Corrosion product deposi t ion (Figure 16) w a s  found immedi- 
a t e l y  af ter  the bo i l e r  i n l e t  plug region ( 5  t o  1 2  f t  from t h e  mercury i n l e t )  with 
a maximum thickness of 0.004 i n .  
b o i l e r  (50 f t  from the  mercury i n l e t )  t h a t  were approximately 0.001 i n .  t h i c k .  

There were minor depos i t s  a t  t h e  end of t h e  

Examination of t h e  microstructure  of t h e  in s ide  diameter 
of t h e  tubing indicated a white l a y e r  approximately 0.0001 i n .  t h i c k  along t h e  
co i led  sec t ion  of  t he  tubing. 
i n  the  microstructure of t h e  9Cr-lMo. 

Other than t h i s  l aye r ,  t he re  were no o ther  changes 

b.  Boi ler  I n l e t  Plug Sect ion 

I n  t h e  CL-4 b o i l e r ,  t h e  area of major p i t t i n g  w a s  17 t o  
26 i n .  from the mercury i n l e t  or i n  t he  preheat  s ec t ion  of t h e  b o i l e r  (Figure 17) .  
I n  t h i s  area a la rge  percentage of t he  p i t s  had uni ted  t o  form t ransverse  grooves 
(0.0265 i n .  deep max) and shallower grooves a t  20' from t h e  t ransverse  pos i t i on .  
The groove configuration ind ica t e s  t h e  e f f e c t  of t h e  t i g h t  p i t c h  region of t he  
various mult ipi tch plugs operated i n  t h i s  b o i l e r .  The p robab i l i t y  t h a t  some form 
of tube w a l l  corrosion would appear i n  t h i s  area w a s  high s ince  corrosion w a s  
noted i n  t h e  t i gh t -p i t ch  region of t h e  mul t ip i tch  plugs when they  were removed 
after t h e  bo i l e r  performance tes t s .  

Examination of  t he  microstructures  of t h e  tub ing  i n  t h i s  
sec t ion  showed no white l aye r  on t h e  sur face .  
9Cr-lMo exposed t o  general  so lu t ion  a t t a c k  by mercury. 

The microstructures  a r e  t y p i c a l  of 

3*  Discussion 

The CL-4 b o i l e r  w a s  used f o r  a v a r i e t y  of corrosion tes t s  and 
b o i l e r  performance tes t s .  During t h e  b o i l e r  performance t e s t s ,  t h e  b o i l e r  i n l e t  
plug w a s  changed f requent ly  so  t h e  corrosion p a t t e r n  i n  t h e  b o i l e r  cannot be re- 
la ted t o  t h e  operating time with a s p e c i f i c  b o i l e r  i n l e t  plug.  

I n  general ,  t h e  p i t t i n g  a t  t h e  end of t h e  mercury tub ing  (50 ft 
from the  mercury i n l e t )  i n  t h e  b o i l e r  i s  considered t o  be assoc ia ted  with t h e  
first 650 hours of operation when t h e  b o i l e r  w a s  deconditioned and t h e  mercury 
bo i l ing  was taking place a t  t h e  end of t h e  b o i l e r .  The deep grooves i n  t h e  b o i l e r  
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i n l e t  plug sec t ion  17 t o  26 i n .  from t h e  mercury i n l e t  a r e  considered t o  be the  
r e s u l t  of t h e  last  1926 hours of operation when mult ipi tch b o i l e r  i n l e t  plugs were 
used. This b o i l e r  does i l l u s t r a t e  the influence of hea t - t ransfer  performance on 
t h e  corrosion p a t t e r n  of a ~ N u - 8 - t y p e  mercury b o i l e r  constructed of 9Cr-lM0. 

No ID or OD cracking of t he  9Cr-lMo mercury containment tubing 
i n  the  e n t i r e  bo i l e r  length was observed as was seen when CL-3 b o i l e r  tubing w a s  
evaluated (Ref. 9 ) .  

B. 

termine t h e  
t o  minimize 
program was 

PARAMETRIC ANALYSIS OF MERCURY CORROSION 

A n  a n a l y t i c a l  program was i n i t i a t e d  during t h i s  repor t  period t o  de- 
SNAP-8 tube-in-tube bo i l e r  design parameters t h a t  could be modified 
the  corrosion p o t e n t i a l  of gCr-lMo s t e e l .  To achieve t h e  above, t he  
t o  develop the  following: 

A corrosion model based on mass-transfer considerat ion.  

An a n a l y t i c a l  technique u t i l i z i n g  the  above model. 

A computer code t o  f a c i l i t a t e  t he  ca lcu la t ion .  

The manner i n  which the  program w a s  conducted i s  as follows: 

1. The basic  SXW-8 tube-in-tube bo i l e r  design w a s  examined t o  de- 
termine which design parameters could be e a s i l y  modified. 

2. Each of these  parameters were var ied one a t  a time over a small 
range t o  determine which one yielded the most s ign i f i can t  reduction of corrosion. 

3.  Combinations of the  above parameters were varied over a l a rge  
but reasonable range t o  determine t h e i r  e f f e c t  on corrosion performance. 

4. Examine the  r e s u l t s  for s ign i f i can t  t rend .  

The parameters se lec ted  t o  be varied a r e  as follows: 

NaK jacket  I D  

Mercury tube I D  and f o r  the  plug i n s e r t  

Thread height  

Thread p i t c h  

Thread width 

The number of mercury passages per  tube 

To provide a basis f o r  comparison, the  present  SNAP-8 tube-in-tube 
b o i l e r ,  as described i n  Reference 10, was run through the  computer code t o  de te r -  
mine i t s  corrosion behavior. A summary of t he  r e s u l t s  may be found i n  Figure 18. 
The parameters l i s t e d  above were then varied +5$ t o  determine the  e f f e c t  on the 
cor ros ion  behavior. The r e s u l t s  a r e  summarized i n  Tables 9 and 10. Examination 
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of these  r e s u l t s  ind ica tes  t h a t  t.he thread p i t ch ,  thread he ight ,  and number of 
mercury flow channels per  tube y i e l d  the  most s i g n i f i c a n t  change i n  t h e  mercury 
corrosion behavior. Further  examination of t h e  e f f e c t  of t h e  number of mercury 
channels per  tube shows t h a t ,  although the  maximum w a l l  pene t ra t ion  i s  decreasing, 
t h e  t o t a l  corrosion as indicated by the  e x i t  concentrat ion of i r o n  i s  increas ing .  
This i s  due t o  t he  longer preheat length required as t h e  number of channels i s  in -  
creased, thereby d i s t r i b u t i n g  t h e  corrosion over a l a r g e r  area. Also assoc ia ted  
with t h i s  increase i n  preheat length i s  an increase i n  t h e  Hg s ide  AP i n  t h e  pre-  
hea t  region. Therefore, t h e  only parameters t h a t  were considered f u r t h e r  are 
thread p i t c h  and thread he ight .  A parametric study was set up f o r  t h e  computer 
code t o  vary the  thread p i t c h  from 0.375 t o  2.25  i n .  and the  thread he ight  from 
0.062 t o  0.122 i n .  The r e s u l t s  a r e  shown i n  Figures 19 and 20 and i n  T a b l e  11. 
It w a s  a t  t h i s  po in t  t h a t  t he  most s ign i f i can t  conclusion w a s  reached: i n  order  
t o  decrease the corrosion of 9 C r - l b I O  by Hg, t he  mass ve loc i ty  (o r  i t s  equiva len t ,  
t he  mercury liquid-phase ve loc i ty )  must be decreased. 
crease i n  mass ve loc i ty  i s  t h e  decrease i n  t h e  l iquid-phase pressure drop. 

Associated with t h i s  de- 

The following i s  a discussion of t h e  computer adaptat ion of t h e  a n a l y t i -  
c a l  technique and the  r e s u l t s  of t he  ana lys i s .  

1. Analy t ica l  Technique Adaptation - Computer Code SECAT 

SECAT (SNAP Eight Corrosion And Thermal Analysis Code) i s  an 
IEM-7094 computer code written-in FOETFMJ and Formulated t o  p red ic t  t h e  corrosion 
and thermal performance of the  preheat region of t h e  SNAP-8 tube-in-tube b o i l e r .  
For a given s e t  of opera t ing  conditions and NaK and mercury flow channel geo- 
metries, SECAT w i l l  c a l cu la t e  t h e  required hea t - t r ans fe r  length and corrosion per -  
formance of the preheat region of the  b o i l e r .  The method employed by t h e  code i s  
numerically in tegra ted  by a Runge Kutta scheme, t h e  d i f f e r e n t i a l  equat ions def in-  
i ng  t h e  s p a t i a l  behavior of the  hea t  t r a n s f e r  and corrosion processes .  I n  addi -  
t i o n ,  t h e  code w i l l  c a l cu la t e  t h e  NaK-side and Hg-side pressure drops.  The code 
output i s  a tabula t ion  of t h e  ca lcu la ted  a x i a l  v a r i a t i o n  of t he  s i g n i f i c a n t  per-  
formance parameters i n  the  preheat region. 

The d i f f e r e n t i a l  equations used i n  SECAT are der ived as follows: 

Consider a d i f f e r e n t i a l  l ength  of t h e  preheat  region as shown i n  
t h e  following diagram. Although an annular geometry i s  shown f o r  both t h e  NaK and 
Hg s ide ,  any geometry may be analyzed by us ing  t h e  appropr ia te  geometric f a c t o r s  
and f luid-f low and hea t - t ransfer  co r re l a t ions .  

I 
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I 
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The r a t e  of heat  t r a n s f e r  between the  two streams may be expressed by the  follow- I i ng  th ree  equations : 

where 

q = r a t e  of heat  t r a n s f e r  

W = flow r a t e  

P C = heat  capacity 

Uo = o v e r a l l  heat  t r a n s f e r  coef f ic ien t  

T = temperature 

P = perimeter 

,! = length or p o s i t i o n  parameter 

Subscr ipts  

N r e f e r s  t o  NaK 

H r e f e r s  t o  Hg 

m t  r e f e r s  t o  Bg tube 

The mass f l u x  of Fe from the  surfaces  i n  contact  w i t h  Hg (Hg tube and the  plug) 
may be expressed as follows: 

where 

N = mass f l u x  of i ron  

K = mass-transfer coef f ic ien t  

p = dens i ty  

C = Fe concentration i n  Hg 

* 
It must be noted t h a t  these  equations a r e  f o r  9Cr-lMo s t e e l  operat ing under f u l l y  
wetted condi t ions i n  addi t ion  t o  assuming t h a t  t he  boundary layer  d i f f u s i o n  model 
p r e d i c t s  t h e  corrosion behavior. 
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Subscript  s/Superscr i p t  s 

P l  r e f e r s  t o  plug 

s r e f e r s  t o  sa tura ted  value 

The terms CLt and C& are the s a t u r a t i o n  concentrations 0.  Fe i n  Hg evaluated a t  
the  tube and plug sur face  temperatures,  r e spec t ive ly ,  Knowing the  mass f lux ,  one 
can e a s i l y  write a mass balance equation f o r  t h e  Fe concentration. 

Algebraic manipulation of the heat  and mass balance equations y i e l d  the  following: 

U P  
0 

'H'PH 

The th ree  above equations a r e  those in tegra ted  by SECAT by a 
Runge Kutta scheme t o  ca l cu la t e  the  thermal and corrosion performance i n  t h e  pre- 
hea t  region of t h e  b o i l e r .  The w a l l  r ecess ion  r a t e  i s  ca lcu la ted  by d iv id ing  the  
mass f l u x  of Fe given by Equations (4)  and ( 5)  by t h e  Fe dens i ty  01" 

- 'B) P..! PFe 
w R =  

where 

WR = w a l l  recession r a t e  

Fe r e f e r s  t o  i ron  

The c o r r e l a t i o n  used t o  c a l c u l a t e  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s  
a r e  as follows: 
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Hg s ide  : 

Lubarsw co r re l a t ion  with the provis ion t h a t  Nusselt No. z - 7.0 
NaK s ide  : I 

t 

Reference 9 Dwyer's Equation 

The mass-transfer coe f f i c i en t  is ca lcu la ted  from t h e  fol lowing 
e quat ion : 

where 

G = Hg mass f l u x  

Re = Reynolds number 

Sc = Schmidt number 

The phys ica l  p roper t ies  are b u i l t  i n t o  SECAT. The diff 'usion 
c o e f f i c i e n t  of Fe i n  Hg w a s  ca lcu la ted  from t h e  Stokes-Einstein equation. The 
s o l u b i l i t y  of Fe i n  Hg w a s  ca lcu la ted  from t h e  following: 

2. Resul ts  

Examination of Equations (10) and (ll), t h e  r a t e  of w a l l  r eces-  
s ion ,  r evea l s  t h a t  t h e  parameters K, Cs and CB a r e  cont ro l led  by the  geometry o f  
t h e  prehea t  region.  

The mass-transfer coe f f i c i en t  ( K )  i s  ca lcu la ted  from Equation 
(12) .  S u b s t i t u t i n g  f o  t h e  Reynolds number and co l l ec t ing  terms r evea l s  t h a t  K 
i s  propor t iona l  t o  GOag. Therefore, it would appear t h a t ,  i f  t h e  mass ve loc i ty  
( G )  i s  decreased, a proport ionate  decrease i n  t h e  w a l l  r ecess ion  should r e s u l t .  
Let us  examine t h e  e f f e c t  of increasing t h e  thread he ight  by 5%. 
i n  thread  he ight  increases  t h e  flow area by 4.45%. This i n  t u r n  corresponds t o  a 
decrease of 4.26% i n  G .  F ina l ly ,  t h i s  decreased G r e s u l t s  i n  a 3.39% decrease i n  
K. The r e s u l t s  i n  Table 9 show t h a t  a 5% increase i n  thread  height  y i e l d s  a 3.2% 
decrease i n  maximum tube and plug w a l l  r ecess ion  rate. 

This 5% increase 

The value of Cs is the s a t u r a t i o n  concentrat ion of  Fe i n  Hg 
evaluated a t  t h e  tube or plug w a l l  temperature. 
t u r e  i s  a t  t h e  f l u i d  temperature and therefore  defined by t h e  preheat opera t ing  
condi t ions ,  t h e  tube w a l l  temperature is a func t ion  of t h e  r e l a t i o n  between the  
i n d i v i d u a l  r e s i s t a n c e s  (tube, N a K  and Hg s i d e )  and t h e  o v e r a l l  r e s i s t ance .  
s p e c i f i c a l l y ,  if e i t h e r  t h e  tube o r  NaK s ide  r e s i s t ance  i s  increased or t h e  Hg 

Although t h e  plug w a l l  tempera- 

More 
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s ide res i s tance  i s  decreased, t he  CS and the re fo re  the  w a l l  recession rate should 
decrease.  This can be shown by examining the  r e s u l t s  of Table  9. Increasing NaK 
j acke t  diameter decreases t h e  w a l l  recession rate.  
r e s u l t s  i n  an increase i n  the  N a K  side f i l m  r e s i s t ance .  The increase i n  t o t a l  cor- 
rosion i s  probably due t o  the  longer preheat length required.  

A l a r g e r  NaK jacket  diameter 

If the  preheat length i s  increased by appropriate  modification 
of t h e  geometry, t h e  corrosion w i l l  occur over a l a r g e r  area which should r e s u l t  
i n  

a. An increase i n  t h e  t o t a l  amount of Fe dissolved i n  t h e  Hg 
(C,) 

b .  A decrease i n  the  maximum w a l l  r ecess ion  rate due t o  the  
lowered dr iv ing  p o t e n t i a l  f o r  t h e  d i s so lu t ion  of Fe. 
(10) and (11) decreasesJ 

CThe term Cs-CB of Equations 

This supposi t ion i s  examined by applying it t o  t h e  r e s u l t s  
of T a b l e  10, the e f f e c t  of increas ing  t h e  number of Hg passages per  tube .  The 
model used by SECAT assumes t h a t  t h e  hea t - t ransfer  area i s  that.  por t ion  of t he  tube 
i n  contact  with mercury. Since t h e  thread p i t c h  and width are he ld  constant ,  
doubling t h e  number of channels per  tube should increase t h e  required preheat  
length by 24.7%. The 
lesser increase i s  due t o  t h e  increased Hg-side hea t - t r ans fe r  coe f f i c i en t .  The 
combination of increased length and doubling t h e  number of channels r e s u l t s  i n  a 
ne t  increase i n  the  a rea  exposed t o  Hg by 34.7%. 
f i n i n g  the  CB term i s  examined (Equation 9 ) ,  it appears t h a t  an approximate solu-  
t i o n  t o  it w i l l  be of t he  following form: 

The r e s u l t s  i n  Table  10 show a length increase  of 24.6%. 

If t h e  d i f f e r e n t i a l  equation de- 

c B cS - [cS - ~ ~ ] e - ~  

where 

C. = t he  i n i t i a l  Fe concentrat ion 
1 
a = t he  coe f f i c i en t  involving K and WH 
A = t h e  corrosion area 

If  the  base case r e s u l t s  are used, t h e  term aP, may be ca lcu la ted  and found t o  be 
dO.718. 
of channels, the value of CB f o r  an increased (by 34,7%) corrosion area may be 
ca lcu la ted .  
by SECAT. 
point  of maximum w a l l  recession should decrease.  Since t h e  d r iv ing  p o t e n t i a l  i s  
g rea t e r  than 1 /2  t he  sat ,urat ion value,  t h e  decrease i n  maximum w a l l  r ecess ion  i s  
l e s s  than t h e  increase i n  bulk concentrat ion dl3% decrease compared t o  a 19.7% 
increase.  

If it i s  assumed t h a t  t h e  a term i s  e s s e n t i a l l y  inva r i an t  with t h e  number 

The increase i n  CB i s  found t o  be 20.4% compared t o  19.7% ca lcu la ted  
The d r iv ing  p o t e n t i a l  and the re fo re  t h e  w a l l  r ecess ion  rate a t  the  

Examination of t he  r e s u l t s  given i n  T a b l e s 9  and 10 show 
t h a t  t he  grea tes t  improvement i n  corrosion performance i s  obtained by increas ing  
t h e  thread p i tch  and he ight .  A set  of cases  w a s  analyzed by SECAT t o  explore 
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t h i s  supposi t ion.  The r e s u l t s  shown i n  Table 11 support  t h i s  supposi t ion.  Further  
examination of the  r e s u l t s  revealed t h a t  a d e f i n i t e  t rend  was present .  
t h a t  improvement i n  corrosion behavior may be obtained by decreasing the  mass veloc- 
i t y  o f  the.Hg.  This e f f e c t  i s  shown i n  Figure 21  as a p l o t  of t h e  decrease i n  maxi- 
mum w a l l  recession rate aga ins t  t h e  decrease i n  mass ve loc i ty .  It should be noted 
t h a t  although the  poin ts  i n  Figure 2 1  a re  ca lcu la ted  values ,  they  ind ica te  a t r end  
and a r e  not  intended t o  depic t  a scaleable  r e l a t i o n s h i p .  

This was 

C .  MERCURY WETTING TESTS 

The program t o  determine the  p o t e n t i a l  l i f e  of gCr-lMo as t h e  SNU-8 
b o i l e r  mater ia l  requi res  t h a t  l o c a l  wetting a s  discussed i n  Section B i n  the  pre-  
heat  and low qua l i ty  region be achieved t o  provide t h e  most l i k e l y  chance t h a t  r e -  
producible r e s u l t s  w i l l  be obtained. 

The exact  reasons f o r  d i f f i c u l t i e s  i n  wet t ing t h e  S W - 8  b o i l e r  can 
only be conjec tura l ,  but it i s  presumed t h a t  r e l a t i v e l y  small oxide or hydrocarbon 
l aye r s  or absorbed gases 
by extended contact  with flowing Hg at  elevated temperatures with t h e  time and 
temperature apparently a s e n s i t i v e  funct ion of unknown " impur i t ies . "  

a r e  responsible .  Wetting i s  now near ly  always achieved 

I n  de r iv ing  a wet t ing procedure, it w a s  recognized t h a t  two aspects  of 
t h e  problem e x i s t :  
mediately or by a shor t  PUI; i n  time, and ( 2 )  p ro tec t ing  the  surface up t o  t he  time 
of Hg i n j e c t i o n .  
misoperation of t h e  space s e a l ,  a f t e r  the  bo i l e r  i s  i n s t a l l e d ,  a procedure i n  which 
t h e  sur face  is  cleaned and protected up u n t i l  f irst  i r j e c t i o n  i s  of no value i n  
avoiding i n - s i t u  contamination. 
could be appl ied a f t j e r  t h e  b o i l e r  is  i n s t a l l e d  and ready t o  start and could over- 
come t h e  e f f e c t s  o f  any p r e i n s t a l l a t i o n  handling and post  s t a r t u p  problems. 

(1) cleaning t h e  surface t o  t h e  poin t  where it can be w e t  i m -  

Since a p r i n c i p a l  p o s s i b i l i t y  for a dewetting f i l m  occurs from 

Therefore, an i d e a l  procedure would be one that  

Such a procedure was devised, and the  p r inc ip l e s  a r e  as follows: 

1. After  t h e  b o i l e r  i s  heated and outgassed, t h e  cleaning 
so lu t ion  (Hg-based) i s  forced i n t o  t h e  b o i l e r  and held 
f o r  t h e  time and temperature required f o r  wet t ing 

2. The so lu t ion  i s  drained or forced by argon pressure back 
out of t he  b o i l e r .  A f i l a  of Hg i s  l e f t  on the  w a l l  

3 .  Hg is inJec ted  and presumably wetted operat ion would be 
immediately obtained. 

Exact procedures must be worked out depending on d e t a i l s  of t he  start-  
up procedure and requirements t o  obtain wet t ing.  For example, it may be necessary 
t o  r i n s e  t h e  wetted b o i l e r  with pure Hg t o  reduce t h e  ac t ive  elements i n  the  Hg 
s o l u t i o n  t o  a low r e s i d u a l  l e v e l .  
cedure can be made t o  f i t  i n t o  the  s t a r t  sequence d i c t a t e d  by present  loop and 
system des ign  and planned t e s t s  without major r e s t r i c t i o n s .  

The grea t  advantage comes i f  the  wet t ing pro- 
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A number of Hg-soluble add i t ives  appeared t o  have t h e  des i red  a c t i v -  
i t y  i n  removing r e s idua l  f i l m s ,  including mix-4P3E, and converting them t o  a harm- 
less Hg-insoluble res idue t h a t  would p r e c i p i t a t e  i n  t h e  Hg vapor por t ion  of t h e  
loop. 
i r o n  or chromium. Lithium i s  r ead i ly  ava i lab le  i n  pure form, i s  noncorrosive t o -  
ward s t a i n l e s s  s t e e l  up t o  l l O O ° F  i n  t he  t imes being considered and i s  e a s i l y  d i s -  
solved i n t o  hot Hg. 
t u r e s ,  so t h a t ,  i f  t he  wetted surface i s  heated t o  1300°F under vacuum i n  a normal 
s t a r t u p ,  t he  excess Hg w i l l  b o i l  off l eav ing  a very t h i n  l aye r  of L i  or Li-Hg com- 
pound t o  pro tec t  t h e  surface during t h i s  very b r i e f  per iod.  

Lithium appeared t o  be t h e  bes t  choice because it w i l l  not  a l l o y  with t h e  

Lithium a l s o  has a negl ig ib le  vapor pressure a t  SNAP-8 tempera- 

1. Amaratus  and Test Procedure 

a. Apparatus 

The apparatus (Figures  22 and 23) w a s  designed t o  sfmulate 
t h e  SNAP-8 bo i l e r .  The 10-in.  long capsule,  s imulat ing t h e  b o i l e r  p lug  sec t ion  
tubing,  was mounted i n  a tube furnace s o  t h a t  t h e  maximum temperature was loca ted  
severa l  inches below the  top .  A thermocouple w e l l ,  s imulat ing t h e  b o i l e r  plug, 
was inser ted  from t h e  bottom t o  about t h e  poin t  of maximum temperature.  Mercury 
was forced i n  from t h e  bottom t o  a l e v e l  (Z-Z i n  Figure 22) j u s t  below t h e  t o p  of 
t he  thermocouple wel l .  
slow bo i l ing  of t he  Hg and condensing a t  t h e  cooler  t op .  

When t h e  capsule was ho t ,  t h i s  arrangement r e s u l t e d  i n  

The capsule w a s  mounted so  t h a t  X-rays could be taken t o  
determine t h e  meniscus shape and presence of  Hg drops o r  f i l m  on t h e  capsule or  
thermocouple wel l  sur faces .  The res t  of t h e  apparatus w a s  arranged t o  permit 
evacuating the  capsule,  introducing argon i n t o  t h e  capsule and t o  r egu la t e  t h e  
height  of Hg i n  t h e  capsule.  The cold t r a p  i s  used t o  prevent Hg vapor from en te r -  
ing  the  vacuum pump. 
measured by a thermocouple gage and could be operated up t o  300 p s i  argon pressure .  

The system can be evacuated t o  less than 5 x 10-3 t o r r  as 

A General E l e c t r i c  Model 1 1 ~ ~ 2 6  X-ray image ampl i f ie r  w a s  
i n s t a l l e d  so t h a t  t he  image screen w a s  i n  t h e  loca t ion  marked " f i l m "  i n  Figure 22. 
This a s s i s t e d  in  improving t h e  a b i l i t y  t o  a d j u s t  t h e  Hg l e v e l  and observe t h e  
bo i l ing  ac t ion  of the  Hg. Permanent record of t h e  meniscus shape w a s  taken with 
Kodak AA f i l m  because r e so lu t ion  with t h e  image ampl i f i e r  w a s  not, good enough t o  
obta in  contact  angles .  

b.  Teat Procedures 

Two ser ies  of t es t s  were p lmned .  The f i r s t  series w a s  t o  
determine the  degree of wet t ing of d i f f e r e n t  combinations of capsules  and thermo- 
couple wells with pure Hg. The second series w a s  t o  be t h e  same as the  f i rs t  ex- 
cept t h a t  l i thium w a s  t o  be added t o  t h e  Hg as a surface cleaning agent .  The m a -  
t e r i a l  combination and corresponding CL-4 t e s t  s ec t ions  are given below: 
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Capsule We 11 CL-4 Test Section** 

g c r - ~ ~ o  9Cr -NO 4A-3, 4A- I ,  4B 
316 ss Ta  4A- 2 

316/clad Cb* T a  4A- 2 

1 The capsules are reused as required.  They are dewetted 
I 10% fe r rous  ammonium s u l f a t e  i n  lO$ su l -  according t o  the  following procedure: 

phuric ac id ,  heated t o  200°F f o r  15 minutes, then cleaned by the  same method ex- 
pected t o  be used for t h e  mass-transfer t e s t  sec t ions  i n  t h e  CL-4 t es t s .  The 
reference surface w a s  then always obtained before each run.  

Detailed procedures were f i n a l i z e d  and modified as deemed 
necessary as r e s u l t s  were obtained. Modifications t o  t h e  o r i g i n a l  apparatus were 
performed as more d e t a i l s  and changes i n  procedures were requi red .  

2. Resul ts  

The runs performed during t h i s  r epor t ing  period are summarized 
i n  Table 12 .  A b r i e f  discussion o f t h e  runs i s  out l ined below, 1 

a. Runs 1 t h r m g h  7 

The f i r s t  4 runs were made t o  e s t a b l i s h  reference condi- 
The objec t ive  t i o n s  w i t h  pure Hg and various material combinations, as planned. 

of  t h e  series w a s  t o  ob ta in  data under reference condi t ions s i m i l a r  t o  present  
SNAP-8 loop condi t ions.  
added. The run w a s  discarded due t o  a procedural mistake. R m  6 w a s  a repea t  
a f t e r  t h e  system w a s  cleaned and r e f i l l e d .  The expected t i nn ing  d i d  got occur 
although some tendency t o  w e t ,  p a r t i c u l a r l y  a t  lower temperatures a t  t h e  s tar t ,  
w a s  observed. 
capsule i n  Run 7. 

Run 5, with a 9Cr-No capsule,  w a s  t h e  f irst  with l i thium 

Wetted contact angles  and t i nn ing  w a s  not achieved with t h e  316 SS 

b .  Runs 8 through 11 

The desired overnight exposure a t  95OoF f o r  16 hours 
a f te r  vacuum ho t  out-gassing s t e p  (1085~~) w a s  incorporated i n  Run 8. 
the des i r ed  overnight exposure a t  temperature w a s  not achieved because of a leaky 
valve.  Nevertheless,  t he  thermocouple w e l l  was mostly t inned  a f t e r  t h e  run. The 
sur face  w a s  no t  t inned  when examined; however, it appears t h a t  det inning occurs 
r ap id ly  a f te r  exposure t o  a i r .  
s u l e  was vacuum outgassed and he ld  i n  contact  with t h e  Hg-Li so lu t ion  overnight 
at 95OoF. 
c a t i n g  t h a t  t h e  Hg-Li so lu t ion  can produce t h e  des i red  r e s u l t  under t h e  r i g h t  
condi t ions .  
resul ts .  
cedure as used i n  Run 10 and wet t ing was achieved. 

However, 

R u n  9 was a repea t  of Run 6 except t h a t  t h e  cap- 

Complete wet t ing and t inn ing  was achieved on much of t h e  surface,  i nd i -  

Run 10  reduced the  soak time t o  4 hours a t  95OoF with s a t i s f a c t o r y  
Run 11 w a s  a capsule never exposed t o  mercury before and t h e  same pro- 

* 
- H e  

Cb exposed t o  t h e  mercury. 
For t e s t  sec t ion  descr ip t ion  and other information see Sect ion VI,D. 
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c .  Runs 12  through 14  

These runs were made t o  determine t h e  base l i n e  wet t ing 
c h a r a c t e r i s t i c s  of gCr-No, 316 SS and Cb and Ta when a hot  outgassing s t e p  i s  
used and no l i thium i s  added t o  t h e  mercury. 
runs.  

P a r t i a l  wet t ing was achieved i n  a l l  

d .  Runs 15 through 20 

After  e s t ab l i sh ing  a basis from t h e  previous experiments, 
Runs 1 5  through 20 were made t o  determine a s a t i s f a c t o r y  wet t ing procedure after 
exposure of the  capsule t o  the  Hg-Li mixture and then f lush ing  with two mercury 
r in ses .  Sa t i s f ac to ry  wet t ing was achieved from Run 19 and t h i s  w i l l  be adapted 
t o  use on CL-4 and t h i s  w i l l  be t h e  reference procedure f o r  s e t t i n g  up t h e  appara- 
t u s  f o r  CL-4. 

3 .  Conclusions 

The success of Run 19 ind ica t e s  t h a t  wetting can be a t t a i n e d  

This w i l l  be t h e  reference procedure f o r  s e t t i n g  up t h e  apparatus 
with two Hg f lushes  af ter  exposure t o  t h e  Hg-Li so lu t ion  with a soaking tempera- 
t u r e  of 95OoF. 
f o r  CL-4 which i s  as follows: 

a. 

b. 

c .  Drain out  Hg-Li mixture 

d .  

e .  

f .  The b o i l e r  w i l l  then be ready f o r  mercury i n j e c t i o n .  

Vacuum hot  out-gas a t  1085~~ 
Soak with Hg-Li so lu t ion  a t  95OoF f o r  four  hours 

Wash with clean mercury-circulate 4 times and d ra in  

Wash with new clean mercury and soak a t  95OoF f o r  1 hour 

The L i  concentration of Hg-Li tank  and Hg wash w i l l  be checked, 

It appears t h a t  a completely t inned  sur face  can be achieved 
under su i t ab le  conditions t o  provide f o r  t he  immediate goals  of  t h e  Corrosion 
Loop Program. However, it remains t o  determine i f  t h e  so lu t ion  i s  e f f e c t i v e  i n  
c leaning and wetting a sur face  contaminated by decomposed mix-4P3E. 

D.  MASS-TRANSFER TESTS - CORROSION LOOP 4 

1. Boiler  Modification 

To run t h e  mass t r a n s f e r  t es t s  on t h e  b o i l e r  i n l e t  s ec t ion  t o  
evaluate  t h e  proposed corrosion model, a new mercury b o i l e r  w a s  designed f o r  CL-4. 
The new b o i l e r  design makes it poss ib le  t o  remove and rep lace  t h e  complete b o i l e r  
straight i n l e t  sec t ion  containing t h e  i n l e t  p lug  without changing t h e  co i led  sec-  
t i o n .  A schematic of t he  4A b o i l e r  i s  shown i n  Figure 24. 

The 4A bo i l e r  w a s  f ab r i ca t ed  and i n s t a l l e d  i n  CL-4. 
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2. Removable Test Sections 

Four t e s t  s ec t ions  were planned (Table 13) t o  generate mass 
t r a n s f e r  da t a  t h a t  would be used t o  evaluate  t h e  corrosion model proposed i n  t h e  
parametric ana lys i s  (Sect ion B)  and t h e  method t o  reduce t h e  corrosion r a t e  (i  .e . ,  
reduce t h e  ve loc i ty  of t h e  l i q u i d  i n  t h e  preheat  s e c t i o n ) .  
from t h e  tes ts  w i l l  a l s o  be evaluated. The purpose and s t a t u s  of t h e  four  t es t  
sec t ions  a r e  discussed below i n  t h e  scheduled order  of  i n s t a l l a t i o n  i n  t h e  loop. 

Heat - t ransfer  da t a  

a. 4A-2 Test Sect ion 

The purpose of t h i s  t e s t  sec t ion  was t o  determine t h e  cor- 
ro s ion  p a t t e r n  i n  t h e  region where t h e  mercury vapor qua l i t y  i s  5 t o  50% t o  t e s t  
a pos tu l a t e  made i n  t h e  corrosion ana lys i s  of t h e  b o i l e r .  The pos tu l a t e  was t h a t  
t h e  corrosion after t h e  f i r s t  generation of vapor was small, s ince  t h e  contact  
time of t h e  d rop le t s  on t h e  w a l l  i n  t h e  5 t o  50% vapor qua'lity reg ion  w a s  s h o r t .  
If t h i s  pos tu l a t e  is  t r u e ,  then t h e  main corrosion problem i n  t h e  SNAP-8 b o i l e r  
would be confined t o  t h e  preheat region. Experimental evidence on t h i s  po in t  w a s  
unclear  from previous evaluat ion of mercury bo i l e r s ;  t he re fo re ,  a t e s t  s ec t ion  
w a s  designed t h a t  would t e s t  t h e  pos tu la te  under acce lera ted  condi t ions.  

The 4A-2 t e s t  sec t ion  ( see  Figure 25) cons i s t s  of a length 
of cb/316 SS b ime ta l l i c  tubing with the  Hg inso luble  member (columbium) exposed t o  
t h e  Hg followed by a sec t ion  of 316 SS between t h e  5 t o  50% mercury vapor qua l i t y  
region.  The Hg-insoluble bo i l e r  i n l e t  plug i s  made of Ta. The s w i r l  wire a f t e r  
t h e  i n l e t  plug i s  a l s o  Eade of T a .  

The purpose of t h e  Hg inso luble  i n l e t  plug and i n l e t  tube 
i s  t o  generate two-phase mercury flow i n  which t h e  l i q u i d  contains  a very low Fe 
content .  I n  t h i s  way a p o t e n t i a l  f o r  acce lera ted  mercury corrosion w i l l  be pro- 
vided so t h a t  meaningful r e s u l t s  w i l l  be obtained i n  a short-term t e s t .  

Type 316 SS was se l ec t ed  f o r  t h e  5 t o  50% mercury vapor 
q u a l i t y  region because i t s  mercury corrosion r e s i s t ance  i s  lower than  gCr-1Mo and 
cor ros ion  e f f e c t s  should be apparent i n  a short-term t e s t .  

The 4A-2 t e s t  s ec t ion  w a s  f ab r i ca t ed  and i n s t a l l e d  i n  t h e  
Checkout of t h e  loop was completed and mercury bo i l ing  was s t a r t e d  

The tes t  sec t ion  exhibi ted conditioned hea t  t r a n s f e r  performance 
CL-4A b o i l e r .  
on 8 June 1966. 
immediately upon s t a r t u p .  
then  w a s  i n t e n t i o n a l l y  shut  down f o r  replacement of s eve ra l  thermocouples on the  
t es t  sec t ion .  The sec t ion  w a s  r e s t a r t e d  a f t e r  t h e  thermocouple replacement w a s  
completed and conditioned performance was again obtained immediately. It i s  
planned t o  run t h e  4A-2 sec t ion  f o r  a t o t a l  of 300 hours before t h e  sec t ion  i s  r e -  
moved f o r  evaluat ion.  

The sec t ion  w a s  operated for 140 hours continuously and 

b. 4A-3 Test Section 

The purpose of t h e  4A-3 sec t ion  i s  t o  check t h e  wet t ing  
procedure developed i n  t h e  mercury wetting t e s t s  and t o  determine t h e  mass-transfer 
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r a t e  i n  a bo i l e r  i n l e t  plug s e c t i o n  f a b r i c a t e d  of gCr-1Mo. The b o i l e r  i n l e t  plug 
w a s  designed t o  give a l i q u i d  ve loc i ty  of 4.5 f p s  i n  t h e  preheat  region of t h e  
b o i l e r  using a s ing le  passage as i n  t h e  reference SNAP-8 mercury b o i l e r  design. 
A schematic of t h e  sec t ion  i s  shown i n  Figure 26. 

I 
I 

The t e s t  s e c t i o n  was f ab r i ca t ed  and w i l l  be i n s t a l l e d  i n  
CL-4 when the  t e s t i n g  of t h e  4A-2 sec t ion  i s  completed. 

c .  4A-1 Test Sect ion 

The purpose of t h e  4A-1 s e c t i o n  i s  t o  determine t h e  mass 
t r a n s f e r  i n  a gCr-lMo b o i l e r  i n l e t  t e s t  s ec t ion  when t h e  l i q u i d  v e l o c i t y  i n  t h e  
preheat region i s  1.1 f p s  us ing  a multichannel configuration as i l l u s t r a t e d  i n  
Figure 27. 

The 4A-1  s e c t i o n  w i l l  be f ab r i ca t ed  of 9Cr-lMo s t ee l  and 
t h e  mercury containment tube w i l l  be swaged over t h e  b o i l e r  i n l e t  p lug  t o  reduce 
t h e  p o s s i b i l i t y  of interpassage flow i n  t h e  sec t ion .  

Fabricat ion tes t s  f o r  machining t h e  mult i  passage configu- 
r a t i o n  and swaging t h e  tube over t h e  plug were completed. 
ings of t h e  4 A - 1  s e c t i o n  were completed and t h e  f a b r i c a t i o n  of t h e  s e c t i o n  w a s  
s t a r t e d .  

The engineering draw- 

d .  4A-4 Test  Sect ion 

The purpose of t h e  4A-4 s e c t i o n  i s  t o  determine t h e  mass 
t r a n s f e r  i n  a gCr-lMo b o i l e r  i n l e t  t e s t  s e c t i o n  when t h e  l i q u i d  v e l o c i t y  i n  t h e  
preheat region i s  0 . 2  f p s  and a f l a s h i n g  o r i f i c e  i s  used a t  t h e  end of t h e  pre-  
hea t  region. A schematic of t h e  s e c t i o n  i s  shown i n  Figure 28. 

The engineering drawings of t h i s  t e s t  s e c t i o n  have been 
completed and the  f a b r i c a t i o n  has s t a r t e d .  

3. 4B Boi ler  

The purpose of t h i s  b o i l e r  i s  t o  determine t h e  po ten t . i a l  l i f e  
of 9Cr-lMo s t e e l  as t h e  mercury containment material i n  a SNAP-8-type b o i l e r .  

The b o i l e r  w i l l  be f a b r i c a t e d  with vacuum-melted modified 9Cr- 
lMo s t e e l  as the  mercury containment material and w i l l  be i n s t a l l e d  i n  CL-4 af ter  
t h e  4A series of t e s t s  i s  completed. 
b o i l e r  i s  2500 hours. The design of t h e  b o i l e r  w i l l  be e s s e n t i a l l y  t h e  same as 
t h e  4A b o i l e r .  
4A t e s t  series.  

The a n t i c i p a t e d  opera t ing  time of t h i s  

The b o i l e r  i n l e t  plug design w i l l  be based on t h e  r e s u l t s  of t h e  

The design of t h e  co i l ed  s e c t i o n  of t h e  4B b o i l e r  has  been com- 
p l e t ed  and f ab r i ca t ion  tes t s  on t h e  c o i l  s e c t i o n  have been completed. 
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E. CORROSION MEXHANISM LOOP s - 1  (CML-1) 

A t a s k  was i n i t i a t e d  d u r i n g t h i s  r e p o r t  period t o  define the  mechan- 
i s m  t h a t  controls  t h e  corrosion of gCr-No s t e e l  by l i q u i d  mercury i n  the SNAP-8 
b o i l e r  under f u l l y  wetted conditions.  Two mechanisms f o r  9Cr-lM0 corrosion have 
been proposed and a r e  as follows: 

Mechanism 1 - This mechanism proposes t h a t  t h e  corrosion process 
cons is t s  of two phases. In  Phase 1 t h e  corrosion is  so lu t ion  
rate control led.  In  Phase 2 t h e  corrosion i s  control led by the  
d i f fus ion  rate of i ron  through the  s t a t i c  H g  contained i n  chan- 
ne l s  i n  the  gCr-lMo surface.  

Mechanism 2 - This mechanism proposes t h a t  t he  corrosion of gCr- 
N o  i s  control led by the  d i f fus ion  r a t e  of i ron  across  t h e  l i q u i d  
laminar boundary l aye r  adjacent t o  the  9Cr-lMo surface.  

For a given i ron  concentration gradient ,  t he  corrosion r a t e  as defined 
by mechanism 2 i s  dependent upon the  mercury ve loc i ty ,  while mechanism 1 i s  not .  
A s  compared t o  1, mechanism 2 predic t s  much higher  corrosion r a t e s  f o r  gCr-m-0 
i n  mercury under t h e  flow conditions encountered i n  the  preheat region of t he  
SNAP-8 bo i l e r .  I n  CML-1, th ree  gCr-LVo t e s t  samples w i l l  be subjected t o  l i q u i d  
mercury simulating the  flow conditions encountered and bracketing those i n  the  
preheat  region of t h e  SNAP-8 bo i l e r .  Measurement of t h e  depth of corrosion and 
of t h e  d i s t r i b u t i o n  of corrosion from sample t o  sample w i l l  def ine  which of the 
two proposed mechanisms can be appl ied t o  the  SNAP-8 bo i l e r  design. 

The t e s t  loop cons is t s  of a s ing le  l iquid-f low system (Figure 29). 
The 9Cr-LVo 

The mercury flow-rate 
The mercury i s  heated t o  llOO°F and f l o w s  through a t e s t  sec t ion .  
corrosion r a t e  w i l l  be measured a t  the  end of the  t e s t .  
i s  730 lb /hr  t o  simulate SNAP-8 condition. 
b le  temperature f o r  the  pump. 
Hg inventory contained i n  a t a n k  located a t  the pump i n l e t .  

The mercury i s  cooled t o  an accepta- 
I ron buildup i s  cont ro l led  through use 6f a 2000-lb 

The conceptual design of the CML-1 i s  complete. The following loop 
components - t es t  sec t ion ,  h e a t e r  sect ion,  and h e a t - r e j e c t i o n  sec t ion  - have been 
designed. The mechanical d e t a i l s  o f  the above a r e  being defined. A preliminary 
p l o t  p l a n  of CML-1 has been made. Available surplus  equipment at AGN has been 
found and designated f o r  use i n  CML-1. A t e s t  c e l l  i s  being prepared f o r  CML-1. 
A task t o  determine the  i ron  concentrate i n  mercury from samples t o  be co l lec ted  
during the operat ion of CML-1 has been i n i t i a t e d .  

1. Loop 

The t e s t  loop consis ts  of f i v e  major components: mercury pump 
t o  flow and pressur ize  the mercury as required t o  simulate the  SNAP-8 conditions,  
an e l e c t r i c a l  h e a t e r  sec t ion  t o  heat  the  mercury from 500°F t o  llOO°F, a tes t  
s e c t i o n  where t e s t  specimens of the  b o i l e r  preheat sec t ions  a re  placed, an a i r - t o -  
mercury h e a t  exchanger t o  cool t he  mercury down t o  500°F, and a 2000-lb mercury 
i n t e n t  ory  tank  . 

43 



Report No. 3232 

I 
1 
I 

Three parameters w i l l  be automatically mairtained during the  
t e s t s .  These a r e  the  mercury temperatures a t  the  t e s t  specimens and cooler out-  
l e t ,  and t h e  mercury flow r a t e  through the  t e s t  speciaens.  

The mercury temperature i n  the  t e s t  specimen w i l l  be sensed by 
a thermocouple and cont ro l led  by varying t h e  power input  t o  t h e  e l e c t r i c a l  hea t e r s .  
The mercury temperature o u t l e t  from t h e  cooler w i l l  be  sensed by a thermocouple 
and control led by varying the  a i r  suctior,  pressure t o  the  blower which va r i e s  t he  
a i r  flow ra t io  through the  heat  exchanger. The mercury flow rate through t h e  t e s t  
specimen w i l l  be sensed by a ventur i  meter and cont ro l led  by a flow con t ro l  valve.  

2. Components i 

a .  Test Sect ion 

Several  t e s t  sec t ion  configurat ions were considered fo r  
use i n  the  CML-1 involving s e r i e s  and p a r a l l e l  samples and s ing le -  and mul t i - t e s t  
concepts. The one f i n a l l y  se lec ted  was t h r e e  9Cr-lM0 tubes i n  a s e r i e s  of  d i f -  
f e r en t  flow channel diameters t o  be run i n  a s ing le  t e s t .  These samples are shor t  
(1/2 i n .  long) pieces  of 9Cr-lMo tubing  i n  a b ime ta l l i c  s t a i n l e s s  s tee l  and colum- 
bium c a r r i e r .  Columbium i s  used t o  preclude s i g n i f i c a n t  i ron  pickup from regions 
o ther  than the 9Cr-lMo sample. The largest-diameter  tube i s  placed a t  t h e  i n l e t  
and t h e  smallest  a t  t he  o u t l e t .  The Cb c a r r i e r  i s  s i zed  t o  provide an i n l e t  sec- 
t i o n  of approximately 20 diameters t o  e s t a b l i s h  t h e  flow pat t ,ern i n  t h e  mercury 
before it reaches t h e  9Cr-lMo samples. 30 and T a b l e  1 4  are sketches and 
spec i f ica t ions  f o r  t he  t e s t  sec t ions .  Figure 31 depic t s  t h e  predict,ed corrosion 
behavior of  the t e s t  sec t ions  under presumed a p p l i c a b i l i t y  of mechanism 2 type cor-  
ros ion .  The ana ly t i ca l  treatment appears i n  Reference 11. 

i 

Figure 

The channel cocf igura t ion  se l ec t ed  f o r  t h e  t e s t  sample i s  
a round tube ,  
b o i l e r  are as follows: 

The s i g n i f i c a n t  flow cord i t ions  i n  t h e  preheat  region of t h e  SYA.P-~ 

Reynolds number = 57200 

Hg ve loc i ty  = 4.5 f p s  

For a round tube,  given t h e  above parameters, it follows, 
t h a t  t h e  flow rate and flow channel diameter are uniquely def ined.  The flow ra te  
i s  729.8 lb/hr  and t h e  diameter 0.104 i n .  

From the  requirement t h a t  t h e  o the r  two 9Cr-lMo samples 
bracket t he  f l o w  condition given above, it i s  apparent t h a t  i f  t h e  t es t  samples 
are arrayed i n  a p a r a l l e l  manner, t h e  t o t a l  loop mercury flow rate w i l l  be approxi- 
mately 2000 lb/hr .  
arrayed i n  series f o r  a s ing le  run, t h e  t o t a l  flow w i l l  be 730 l b /h r .  
cury t e s t  temperature i s  llOO°F, t he  corresponding power requirements f o r  t he  pa ra l -  
l e l  and ser ies -sequent ia l  arrangements are 1 5  and 5 kw, r e spec t ive ly .  
p a r a l l e l  configuration d i c t a t e s  t h e  need t o  e i t h e r  ca l cu la t e  t h e  mercury flow Pate 
i n  each sample or  provide th ree  separa te  flowmeters. The only advantage with a 
p a r a l l e l  arrangement i s  t h a t  a l l  t e s t  samples are exposed t o  t h e  i d e n t i c a l  mercury 

However, if t h e  samples a r e  tes ted i n  t h r e e  d i f f e r e n t  runs o r  
If t h e  mer- 

I n  addi t ion ,  
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chemistry a t  t h e  i n l e t .  However, f o r  a sample of reasonable length (approximately 
1.0 i n . ) ,  t he  i ron  pickup across  the  t e s t  sample f o r  t h e  expected corrosion r a t e  
(approximately 5 mils/100 h r  as predicted under mechanism 2) i s  l e s s  than or equal 
t o  0.01 ppm. Therefore, f o r  the  above reasons the  p a r a l l e l  concept w a s  el iminated 
from m r t h e r  consideration. 

I f  the  sequent ia l  t e s t  concept i s  employed, t he re  e x i s t s  
a p o t e n t i a l  danger t h a t  i den t i ca l  conditions cannot be maintained f o r  the  three  
t e s t  runs.  This would make evaluat ion and comparison of the  t e s t  da ta  d i f f i c u l t ,  
i f  not impossible. Therefore, the  se r i e s  sample s ing le - t e s t  concept was selected 
f o r  CML-1 t e s t  sec t ion .  

The middle (base) t e s t  sample has been defir?ed previously.  
The bracket ing samples are a r b i t r a r i l y  se lec ted  t o  operate  a t  2x and 1/2x t h e  veloc- 
i t y  of t h e  base sample. Since a s e r i e s  concept has been se lec ted ,  t h e  mercury mass 
flow r a t e  i s  i d e n t i c a l  i n  a l l  t he  t e s t  samples. The sample flow diameters a r e ,  
t h e r e f o r e ,  set and a re  equal 0.147, 0.104, and 0.074 i n .  
f ined t h e  sample length and the  mercury inventory. 

There remains t o  be  de- 

A parametric study was performed t o  determine the  depth of 
w a l l  r ecess ion  as a funct ion of sample length and mercury inventory. Mercury in-  
ventory i s  involved i n  the  study s ince  t h i s  i s  the  manner i n  which i ron  buildup i n  
the  mercury i s  cont ro l led .  The r e s u l t s  were used t o  determine t h e  s p e c i f i c a t i o n s  
f o r  t he  t es t  sec t ion  given i n  Table 14 .  The design point  w a s  se lec ted  as the  one 
giving measurable w a l l  recession i n  a l l  th ree  samples requi r ing  a reasonable mer- 
cury inventory and having a reasonable sample length.  

The pressure drop across  the  t e s t  sec t ion  w a s  calculated 
using the  Blasius  c o r r e l a t i o n  f o r  t he  f r i c t i o n  f ac to r  and a standard reference 
t e x t  f o r  t h e  evaluat ion of expansion and contract ion lo s ses .  

b .  Heater Design 

The hea ter  operating conditions a re  tabula ted  below: 

Mercury flow r a t e  730 lb /hr  

Heater i n l e t  temperature 5 0 0 ~ ~  

Heater o u t l e t  temperature llOO°F 

Heat load (ne t  t o  f l u i d )  4.2 kw 

A Cb-lined tubing of 0.51 i n .  C)D w i l l  be used i n  a l l  high- 
temperature sec t ions  of the  loop; t h i s  would include the  h e a t e r  sec t ion .  Elec- 
t r i c a l  clam-shell  h e a t e r s  w i l l  be used for heat ing  t h e  mercury. 
e l e c t r i c  hea t ing  u n i t s  a r e  r a t e d  t o  2200'F; f o r  long h e a t e r  element l i f e ,  i t s  
temperature w i l l  be l imi ted  t o  1800~~ f o r  t h i s  design. 

The HEVI-DUTY 

A simple r a d i a t i o n  h e a t - t r a n s f e r  ana lys i s  indicated t h a t  
more t h a n  10 f t  of h e a t e r  length would be required t o  heat  t he  mercury i n  the  tube 
t o  t h e  desired temperature. It i s  highly des i rab le  t o  decrease i t s  length so  t h a t  
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I a s ing le  straight length of t he  Cb-lined tubing can be used. This tube cannot be 
bent i n  a sharp r ad ius .  The t e s t  c e l l  s i z e  i s  8 f t  long, 6 f t  wide and 10 f t  high. 

Since the  con t ro l l i ng  hea t - t r ans fe r  mode i s  by r ad ia t ion ,  

This can be  done by s l ipp ing  a metal s leeve around t h e  

A s t rong,  double pipe with a nominal diameter of 3/4 i n .  (1.05 i n .  OD 

t he  only way t o  shorten t h e  hea ter  length i s  t o  package the  required hea t - t r ans fe r  
area i n  a sho r t e r  length.  
mercury tubing t o  increase i t s  surface a rea  i n  contact  with t h e  hea te r  per  un i t  
length.  
and 0.434 i n .  I D )  can be used f o r  the  s leeve by reaming out t he  I D  t o  0.51 t o  fit 
over t h e  Cb-lined tubing.  The presence of t h e  s leeve has created two add i t iona l  
heat  flow re s i s t ances  - t he  sleeve i t s e l f  and the  gap between the  s leeve and tubing 

By l imi t ing  the  hea te r  length t o  6 f t ,  it. can be placed 
hor izonta l ly  on the  8-f t - long w a l l  with s u f f i c i e n t  room fo r  t h e  l a rge  rad ius  bend 
of t he  Cb-lined tubing t o  a v e r t i c a l  t e s t  s ec t ion  and fo r  i n su la t ion  a t  t h e  ends 
of t he  hea te r .  
with the  assumptions made, follows. 

The r e s u l t s  of t he  hea te r  thermal ana lys i s  (Reference ll), along 

The Hg-side hea t - t r ans fe r  coe f f i c i en t  w a s  computed as 
1800 Btu/hr-ft2-'F f o r  an average f i l m  drop of 12'F. 
power w i l l  be constant over i t s  length,  t he  hea t  f l u x  per  u n i t  length w i l l  be as- f 

sumed constant .  The tem e ra tu re  drop across  t h e  tub ing  was neglected s ince  it w a s  
computed as l e s s  than 10 F. 

Since t h e  e l e c t r i c a l  hea t e r  

8 

Assuming t h a t  t h e  s leeve can be placed on the  tubing with 

It i s  des i r ab le  t o  minimize t h i s  gap as much as 
a r a d i a l  clearance of 0.002 i n . ,  t h i s  value w a s  used t o  compute t h e  temperature 
drop across  the gas gap as 92'F. 
poss ib le .  The s leeve can be cu t  i n  sho r t  a x i a l  lengths  t o  minimize t h e  required 
clearance f o r  assembly. 

The temperature drop across  t h e  metal s leeve w a s  computed 
as 29'F. 
f o r  s ta inless  s t e e l .  

The thermal conduct ivi ty  w a s  taken as 10 Btu/hr-ft-'F which i s  t y p i c a l  

The r ad ia t ion  hea t  t ransfer  from the  clam s h e l l  hea t e r s  
t o  t h e  sleeve was computed assuming an emis s iv i ty  of O,5 for both the  hea te r  and 
sleeve surfaces  I The maximum computed temperature w a s  1690'F. 

The predicted temperatures of t h e  hea te r ,  s leeve and 
tubing a t  the  heat i n l e t  and e x i t  are shown on t h e  following page. 
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I 1510°F C l a m  S h e l l  h e a t e r s  1690'~ 

664 1241 
SS Metal Sleeve 

I 635 1202 I 

510 Cb-Lined Tubing 1110 

500 Mercury Flow - 1100 

The clam s h e l l  hea t e r s  w i l l  be insu la ted  by one inch of  
F ibe r f r ax  and 3 inches of Johns-Manville Superex pipe in su la t ion  on t h e  outs ide .  
The l a t t e r  i s  r i g i d  and can support t h e  weight of t h e  hea te r  s leeve,  tubing and 
Hg. The insu la ted  hea te r  assembly w i l l  be supported a t  t h e  bottom over i t s  en- 
t i r e  length  i n  a 10 inch channel-iron beam. 

The heat  loss from t h e  hea te r  assembly through t h e  insu la-  
t i o n  t o  ambient w a s  computed as approximately 1 kw (Reference 11). 
l o s s  t o  ambient is  approximately 20% of t h e  hea te r  power. 
power dur ing  operat ion would be approximately 5.6 kw. 
face  temperature o f  t h e  hea te r  i n su la t ion  i s  164OF. 

Thus t h e  hea t  
The corresponding hea te r  

The ca lcu la ted  outs ide  sur -  

c .  Cooler Design 

The cooler  opera t ing  condi t ions are tabula ted  below: 

Mercury f l o w  r a t e  730 lb/hr  

Mercury i n l e t  temperature llOO°F 

Mercury o u t l e t  temperature 500°F 

Heat Load 4.2 kw 

It is  proposed t h a t  an e x i s t i n g  Clarage blower be used f o r  
t h e  coo le r .  
d a t a  down t o  1600 cfm a re  ava i l ab le .  
For an a i r  bulk r i s e  of 50°F, t h e  a i r  flow rate must be approximately 710 cfm. 
Therefore,  approximately 80% of the  blower output must be bypassed around t h e  
blower. 

This blower has a pressure r i s e  of 8 i n .  of water a t  1883 rpm. Flow 
No surge was detected down t o  t h i s  flow r a t e .  

47 
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A counter-flow air-mercury hea t  exchanger w a s  designed. 
The mercury flows i n  a 0 .51  OD Cb-lined tubing.  
s ized  with an 0.51 ID air  flow annulus, t h e  length was approximately 9 f t  long 
and has a pressure drop of approximately 6 i n .  of water. 
t oo  long t o  be placed i n  the  t e s t  c e l l .  Thus, a metal s leeve w a s  placed around 
t h e  Cb-lined tubing as w a s  done i n  t h e  hea te r  design. 

When t h e  hea t  exchanger was 

This hea t  exchanger i s  

The hea t  exchanger design must s a t i s f y  both t h e  hea t -  
t r a n s f e r  and pressure-drop requirements. 
i n l e t  temperature i s  100°F, t he  e f fec t iveness  i s  0.60. 
exchanger with t h e  f l u i d  bulk temperature change of 50°F and 600°F, respec t ive ly ,  
f o r  t h e  a i r  and mercury, t he  e f fec t iveness  was computed as 0.62 at  an FEU* of one 
(Reference 11). Thus, using NTU of 1.0 i n  t h e  design would be s l i g h t l y  conserva- 
t i v e .  
i ng  equation s a t i s f i e s  t h e  hea t - t r ans fe r  requirements ( see  Reference 11 f o r  
de r iva t ion ) .  

Assuming t h a t  t h e  hea t  exchanger air  
For a counter-flow hea t  

The required o v e r a l l  conductance w a s  computed as 24 Btu/kr-OF. The follow- 

2 2 
1 (Do - D1 1 0.0670 

U I  I 

where 

D = air  flow annulus OD, i n .  

D1 = air  flow annulus ID, in. ,  

L = heat  exchanger length,  f t  

W = air flow rate, Ib/sec 

0 

The above equation w a s  based on t h e  following assumptions: 

(1) The heat  flow re s i s t ance  through t h e  Cb-lined tub ing  w a s  
based on the  thermal conduct ivi ty  of s t a i n l e s s  s t e e l  which 
i s  smaller than f o r  Cb. 

(2) A 0.002 i n ,  radial  air gap assumed between t h e  tub ing  and 
the  s leeve ID. 

The a i r  pressure drop through t h e  hea t  exchanger must be 
l imi ted  t o  approximately 5.5 i n .  of water. A t o t a l  of 8 i n .  of water pressure 
head is  ava i lab le  but some l o s s e s  w i l l  be taken through t h e  duc t ing  from t h e  
blower t o  t h e  heat  exchanger and from t h e  hea t  exchanger t o  e x i t  vent .  
lowing equation (Reference 11 
sure drop through the  hea t  exchanger. 

The f o l -  
includes t h e  de r iva t ion )  expresses  t h e  t o t a l  pres-  

where APT = t o t a l  heat  exchanger pressure drop, i n .  of water. 
* 
UA/WCP. 48 
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The preceding equation includes t h e  entrance and e x i t  l o s s  
using loss coe f f i c i en t s  of 0.5 and 1.0, r e spec t ive ly .  The acce le ra t ion  pressure 
drop was based on a 50°F a i r  bulk temperature rise and a pressure drop o f  5 .5  i n .  
of water.  

I 
The Fanning f r i c t i o n  f a c t o r  o f  0 . 0 & R e - . 2  w a s  used i n  t h e  ana lys i s .  

I 
I 

The a i r  f low r a t e  does not have t o  be t h e  one which cor- 
responds t o  t h e  50°F bulk r ise assumed in  t h e  ana lys i s  thus  f a r .  
and acce le ra t ion  pressure drop terms are i n s e n s i t i v e  t o  v a r i a t i o n  i n  f l o w  rate a 
f a c t o r  of 2. The f irst  equation was solved f o r  t h e  flow r a t e ,  w, and subs t i t u t ed  
i n t o  t h e  second t o  give t h e  following: 

Both t h e  NTU 

i. 

1/41 

Dl 3 / 4 ~  [. 0417~-0.0656] 
1.25 (Do -D1 1 

The ins ide  diameter of t h e  flow annulus, D1, is  f ixed  a t  
1.05 i n .  The annulus OD must be t he  I D  of a standard pipe.  For a 3- in .  nominal 
schedule 5 pipe (3.334 i n .  I D )  and a heat exchanger length of 6 .5  f t ,  t h e  t o t a l  
pressure drop w a s  computed as 5.4 inches of water.  
0.394 lb / sec  from t h e  second equation. 
which i s  close enough t o  t h e  50°F assumed t h a t  t h e  NTU of  one used i n  t h e  analy- 
sis  i s  s t i l l  conservative.  

The flow r a t e  w a s  computed as 
The a i r  bulk r ise w a s  computed as 4OoF 

The a i r  duct pressure drop w a s  computed assuming t h a t  t h e  
t o t a l  duc t  length  i s  50 f t  and has a t o t a l  of 8-90' turns .  The duct diameter of 
6 i n .  w a s  se lec ted .  
Thus, t h e  t o t a l  blower head required i s  6 .5  i n .  of  water.  The predicted tempera- 
t u r e s  of  t h e  Cb-lined tub ing  and sleeve a t  t h e  entrance and e x i t  a r e  shown below. 

The duct pressure drop w a s  computed as 0.32 i n .  of water.  

140°F - A i r  Flow 100°F 

922 

962 

400 
SS Metal Sleeve 

415 

1088 Cb-Lined Tubing 495 I 
1100 Mercury Flow - 500 

49 
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d .  In-House Equipment 

The mercury Chempump t h a t  w i l l  be used f o r  t h i s  loop was 
used i n  CTL-2 i n  t h e  same t e s t  c e l l  loca t ion .  It i s  equipped with a bypass flow 
con t ro l  complete with valves and pressure gages. The pump and assoc ia ted  plumb- 
ing  w i l l  be used as i s .  This pump is  r a t e d  a t  0 .5  gpm flow rate at  a pressure 
head of 88 f t .  

Two Clarage blowers are ava i lab le  and are located on t o p  
of the  t e s t  c e l l s .  One of these  blowers w i l l  be used i n  t h e  air-mercury cooler .  
Test data from t h i s  blower i s  ava i lab le  a t  a speed of 1883 rpm and flow rate of 
1800 cfm t o  400 cfm; t h e  blower pressure head a t  t h e  e x i t  was measured as 8 i n .  
of water t o  3.5 in .  a t  the  lowest and highest  flow rate, respec t ive ly .  

A Fox ventur i  i s  ava i l ab le  t o  sense t h e  mercury flow rate  
through the  t e s t  sec t ion .  The valve pos i t ioner  and D/P c e l l  used i n  the  previous 
loop w i l l  be used f o r  t h i s  loop. 

3. Mercury Analysis 

The corrosion behavior of t h e  t e s t  samples w a s  ca lcu la ted  as- 
suming t h a t  the i ron  dissolved from t h e  gCr-lMo specimens remained i n  t h e  mercury 
stream. However, i f  a por t ion  of t he  i ron  i n  t h e  mercury i s  trapped somewhere i n  
t h e  loop t h e  t o t a l  w a l l  recession shown i n  Figure 31 would be t oo  low. 
due t o  a higher-than-calculated concentration gradient  i n  t h e  t e s t  s ec t ion  region 
which i n  t u r n  increases  the  gCr-lMo corrosion ra te .  Therefore, t h e  eva lua t ion  of 
t h e  p o s t - t e s t  data w i l l  r equi re  a knowledge of t h e  i ron  concentrat ion i n  t h e  mer- 
cury a t  the  i n l e t  t o  t he  t e s t  sec t ion .  A procedure i s  being set up whereby an 
i ron  concentration i n  a mercury sample may be determined. The procedure cons i s t s  
of a vacuum d i s t i l l a t i o n  of  t h e  mercury sample followed by a spectro-photometric 
ana lys i s  of the residue.  Mercury samples a t  t h e  i n l e t  t o  t h e  hea te r s  w i l l  be c o l -  
l ec t ed  per iodica l ly  during t h e  t e s t  run. 

This i s  
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TABm 1 I 
NaK GAS-FIRED HEATER WALL THICKNESS ANALYSIS SUMMARY 

Item No. 1 Heater No. 2 Heater 

1. Average measured w a l l  th ickness  (mils) 6/29/65 206.5 208.6 I 

5/13/66 198 9 195.7 I 

2. Average w a l l  th inning  (mils) 7.6 12.9 

3 .  Operating time between 6/29/65 & 5/13/66 ( h r )  970 970 

I 

4. Average w a l l  th inning  r a t e  (mils/1000 h r )  - 
7.8 13.3 

Item 2 (1000) 
Item 3 

5. S t a t i s t i c a l l y  determined minimum wall  t h i ck -  
ness ( m i l s ) *  6/29/65 178 177 

( m i l s  ) 6/29/65 190 190 
5 /I3 /66 17 5 17 5 

5/13/66 167 164 
6. Min. w a l l  th ickness  ac tua l ly  measured 

7. Wall th inning  r a t e  based on Item 6 
(mils/1000 h r  ) 

8. Remaining sa fe  operat ing l i f e H  ( h r )  

15.4 15.4 

a.  Using w a l l  th inning  r a t e  (Item 4) de t e r -  

b.  Using w a l l  th inning  r a t e  (Item 7) de t e r -  

mined from average of measurements 12,600 

mined from min. of a c t u a l  measurements 6,420 

* 
A s t a t i s t i c a l  ana lys i s  of a c t u a l  measurements i nd ica t e s  t h a t  99.9% of t h e  w a l l  
i s  equa l  t o ,  o r  g rea t e r  than,  t he  presented value; and the re  i s  an assoc ia ted  
99% confidence l e v e l .  

The time required f o r  t he  NaK contaiDment tube w a l l  th ickness  t o  be reduced t o  
t h e  b o i l e r  code minimum allowable wall  of  0.068 i n .  a t  a pressure o f  75 p s i  and 
a temperature o f  1500°F. The present w a l l  th ickness  i s  presumed t o  be the  s t a -  
t i s t i c a l l y  determined minimum (Item 5) on 5/13/66. 

M 

Table 1 
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TABU 2 

Trace = Detected but l e s s  than 0.001 ppm. 
ND = Not detected a t  a de tec t ion  l i m i t  of 0.005 ppm. 

* 
This w a s  an e s t e r  or carbonyl which masked out  t h e  CH 
the re  was any present .  

2 

ORGANIC ANALYSIS OF Hg DUMP-TANK SAMPL;ES FROM PCS-1 PHASE I V  STEP 2 

Weight of  Organic 
t o  Sample Weight 

ppm 
Weight of Organic 

(grams x 10-3) Sample 
Sample Weight 

Date 

Taken Sampling Location (grams) Mix-kP3E I CH Mix-4P3E 

1-25 Subsurface Main Tank P r io r  

1-31 Subsurface Emergency Tank 21,077 

t o  Step 2 - 

2-1 Surface Emergency Tank 389 
2-1 Surface Main Tank 1,434 
2-4 Surface Main Tank 1,017 
2-4 Surface Emergency Tank 654 
2-14 Surface Main Tank 527 

2-14 Surface Emergency Tank 529 
3-16 Surface Main Tank 881 
3-16 Surface Emergency Tank 322 

4-1 Surface Main Tank 1,178 
4-1 Surface Emergency Tank 663 
4-13 Surface Main Tank 1,223 

4-13 Surface Emergency Tank 551 

Hg from main tank a f t e r  it w a s  drained: 

Subsurface 6 41 
Surface 34,050 

ND 

0.45 

0.24 

0.06 

0.50 

ND 

0.04 

0.3 
Trace 

Trace 

0.14 

ND 

ND 

3.5 

ND 

13.5 

Table 2 

MD ND 

0.07 0.02 

0.7 0.62 

0.92 0.49 
0.08 0.04 

1 .14  eO.01 

1.04  0.08 

0.82 0.56 

0.6* ==o.oi 

1.06* ~0.01 

0.24 0.12 

0.17 ND 

0 ,14 -=O.Ol 

2.84 6 .4  

-=o 03 ND 

4.9 0.4 

CH 

ND 

0.003 

1.8 
0 ~ 0 6  

0.9 

1 .7  
1-97 
1.6 
1.20* 

1.86* 
0,20 

0.26 

0.11 

5 . 1  

e o .  05 

0 -14  

(Al ipha t ic  hydrocarbon) if 



Report No. 3232 

TABLE 3 

FLUIDS ANALYSIS FOR N a ,  K,  AND Hg 

Na+K 
Sample Mater ia l  Date Samples Sample W t  N a  W t  K W t  Sample W t  K/Na 

and Location Taken (grams) (ma) (mg) (ppm) Rat io  

Hg from emergency 
dump tank  4/13/66 551 0.08 0.26 .61 77/23 

Hg from t o p  of main 
dump tank  4/18/66 1426 0.010 0.037 -033 79/21 

Hg from emergency 
dump tank  2/1/66 1522 0.025 0.037 .Oh1 60140 

Hg - Reprocessed -- 141 5 0.012 0.00 .008 00/100 

dump t ank  4/18/66 84.7 0.050 0.00 0 59 OO/lOO 
Mix-4P3E from L/C 

Hg W t  Hg1Na.K 
( g > ( p p m >  

NaK from HRL 4/18/66 4.8 3 0.6 

NaK from HRL 4/19/66 5 . 1  5 1.0 

NaK from PNL 4/18/66 7.4 6 0.8 

N a K  as received 
from vendor -- 12.0 17.5 1.5 

Table 3 
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TABU 7 

SNAP-8 -1 BOILER(1) PERFO&CE HISTORY I N  RPL-2 

Operating Period 

NaK Side 

J u l y  1964 t o  June 1965 

Tota l  operat ion 2350 h r  ( 2 )  

Nominal b o i l e r  design condi t ions 

I Flow ( l b / h r )  
i 

Temperature (OF) 

I n l e t  

Out l e t  

Hg Side 

To ta l  opera t ion  
I With rubidium 

Nominal b o i l e r  design condi t ions 

Flow ( lb /h r  ) 
Temperature (OF) 

I n l e t  

Out l e t  

Pressure ( p s i a )  

I n l e t  

Out l e t  

Vapor Out le t  condi t ions ( t y p i c a l  of 
var ious t e s t  per iods)  

90% q u a l i t y  

Sa tura ted  vapor 

9 f t  superheat length  

27 f t  superheat length  

42 f t  superheat length  

3 200 

1300 

1100 

1415 h r  

320 h r  (Nov. 1964 t o  Mar. 1965) 

11,400 

513 
126 5 

340 

270 

470 hr (3) 

240 h r  

125 h r  

460 h r  

120 h r  

P/N 092020-1~ S/N A - 1 .  
(1) 

(2)Approximately t h e  las t  300 h r  included a N a K  p u r i f i c a t i o n  system. 
(3)F10w w a s  50% of nominal t o  enhance conditioning. 

Table 7 
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DEPTH OF SURFACE DEFECTS ON BAR AND W I R E  OF 
Hg INLET PLUG FROM -1 B O I I E R  

Distance from Hg 
I n l e t  End 
( f t  - i n . )  

0-5 

1-4 

2-7 

5-9 

9-1 

Defect Depth ( m i l s )  Wire t o  
Wire P i t c h  

( i n . )  B a r  Wire 

1-112 0 1 .7  ( P i t )  

1-112 0.8 ( P i t )  4.2 ( P i t )  

1-112 0.8 ( P i t )  ND 

2-112 0 0 

2-112 0.4 (Crevice) 2.5 ( P i t )  

ND - Not determined 

Table 8 
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TABU 10 

EFFECT OF THE NUMBER OF CHANNELS PER TUBE ON THE 
PERFORMANCE CHARACTERISTICS I N  THE PREHEAT R E G I O N  OF 

THE SNAP-8 BOILER AT A CONSTANT MASS VELOCITY ( G )  

Per cent Change i n  Performance ( Character i s  t i c s  

Preheat Hg Side Maximum Tota l  
per  Tube Penetrat ion Corrosion ( 2 )  Length ap 

No. of Channels 

2 -12 +18 +24 +34 

-31 

- 58 

-84 

+45 +61 

+72 +133 

+82 +338 

+I9 1 2 -5.4 +10 +15 

- 10 
-15 

-19 

+I9 

+ 27 

+33 

+29 +40 

+43 +61 1 (4) 
+57 +83 

(l)The change i n  the  performance c h a r a c t e r i s t i c s  i s  t h a t  compared t o  t h e  values 
ca lcu la ted  f o r  t he  base geometry. The base geometry i s  t h a t  described i n  
Reference 10. 

(2 )To ta l  corrosion i s  the  amount of w a l l  material dissolved i n  t h e  mercury. 

(3)Constant mass ve loc i ty  ( G )  maintained by increas ing  thread  he igh t .  

Constant mass ve loc i ty  ( G )  maintained by increas ing  thread  p i t c h .  (4) 

T a b l e  10 
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TABLE 11 

EFFECT OF THREAD €EIGHT AND PITCH ON THE PERFORMANCE 
CHARACTERISTICS I N  THE PREHEAT REGION OF THE SNAP-8 BOILER 

Thread Performance 
Height ( i n . )  Cha rac t e r i s t i c  

Maximum 
Corrosion Rate 

.122 

,062 
.082 
. l o2  
.122 

( 2 )  To ta l  
Corrosion 

Preheat 
Length 

,062 
.082 

.122 

Hg Side 

.122 

Percent Change‘’) i n  Performance Charac t e r i s t i c s  
Thread P i t ch  ( i n .  ) 

375 

( 3 )  
-16 
- 27 
-36 

( 3 )  
-11 
- 18 
- 24 

(3) 
+4.4 
+8.6 

4-12 

(3)  
-54 
-74 
-84 

-75 

-29 
- 42 
- 51  
- 57 

-34 - 44 
- 49 
-54 

-2.9 
+3.3 
+9.3 

+15 

-88 
-94 
- 99 
-98 

1.125 

- 42 
- 53 
-61 
-66 

-47 
-55 
-60 
-63 

-2 .1  
+5.3 

+13 
+18 

- 96 
- 98 
-99 
-99 

1 . 5  

- 49 
-60 
-66 
-71 

- 53 
-60 
-64 
-67 

-1.0 
+7.2 

+16 
+24 

-98 
- 99 

(4 )  
(4 )  

1.875 

-54 
-63 
-69 
-74 

- 57 
-63 
-67 
-70 

-1.0 
t8.7 

+18 
+27 

-98 
-99 
(4) 
(4)  

2.25 

- 57 
-66 
-71 
-76 

-59 
-65 
-68 
-71 

+.60 
+9.9 

+I9 
+29 

-99 
-99 

( 4 )  
( 4 )  

NOTE : 

( l )The  change i n  t h e  performance c h a r a c t e r i s t i c s  i s  t h a t  compared t o  t h e  values 
ca l cu la t ed  f o r  t h e  base geometry. The base geometry i s  t h a t  described i n  
Reference 10. 

( 2 ) T o t a l  corrosion i s  t h e  amount of wall  mater ia l  dissolved i n  the  mercury. 

(’)Base case.  

(4)Grea ter  than  99.54’0 decrease.  

Table 11 
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TABLE 1 4  

GEOMETRIC AND PERFORMANCE PARAMETERS FOR THE CML-1 TEST SECTION 

Geometric 

To ta l  length ( i n .  ) 9.5 
I n t e r n a l  diameter ( i n . )  x length ( i n . ) ,  each region 

Region 1 

Region 2 

Region 3 

Calming length 

Region 1 

Region 2 

Region 3 

9Cr-lMo sample 

Performance 

( i n l e t  ) 0.147 x 4.0 

(middle) 0.104 x 3.0 
( e x i t  ) 0.074 x 2.5 

( i n . )  and L/D r a t i o  each sec t ion  

3.0, 20.4 

2.0, 19.2 
1 . 5 ,  20.3 

length ( i d e n t i c a l  a l l  reg ions)  ( i n .  ) 0.5 

Hg f low r a t e  ( lb /h r )  

Hg pressure drop ( p s i )  

Hg i n l e t  temperature (OF) 

Wall recession i n  200 h r  ( m i l s )  

Region 1 

Region 2 

Region 3 

I n i t i a l  Hg ve loc i ty  ( 0 s )  and Reynolds number* 

Region 1 

Region 2 

Region 3 

729.8 
14.2 

1100 

3.07 
5.40 

8.68 

2.25, 40500 

4.5,  57200 
9.0, 80900 

* - 

Note: Fluid p rope r t i e s  a re  evaluated at 800'~. 

Table 14 
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PRESSURE TAP 

IQUlD LEVEL 
DEPOSIT IN \ 

- - - - - - -  THIS AREA. 
0 

A. SCHEMATIC OF PRESSURE TAP INSTALLATION CONFIGURATION 

GENERAL a?-*---- 

RESIDUE ON 
ID OF TAP 
FOR FULL 
LENGTH 
EXAMINED- 

! 
1 

TOP OF TAP 
AS LOCATED 
IN THE LOOP 

3 

Na2 Cog 
DEPOSIT ON 
BOTTOM 
ONLY - 

r .  /-- 
INTERFACE BETWEEN 
PRESSURE TAP AND Hg 
VAPOR LINE 

BOTTOM OF 
TAP AS 
LOCATED IN 
THE LOOP. 

WELD WITH ID RIDGE 

B. LONGITUDINAL TAP SECTION. APPROXIMATELY 5X. 

Typical Appearance of ID of Pressure Tap from 
Hg Vapor Line of PCS-1 Phase IV After Step  2 Operation 

Figure 1 
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. . .  

L-9429 STAINED WITH MURAKAMf 'S 250 X 
REAGENT AFTER ETCHING 

s-816 Cobalt-Rise Alloy After  an  Exposure of 2700 hours a t  1200'F. 

are Carbides and t.he Small  Undarkened I s l a n d s  may be Si@;ma Phase 
I n  t h e  Bottom Photomicrograph t h e  Darkened I s l ands  

Figure 6 
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IMo TA CASE 

EASY FLO NO. 3 
BRAZ E JOINT 

\ 

DRYSEAL PIPE THREAD MILD STEEL FITTING 

AS POLISHED 

A. AS-BRAZED JOINT SHOWING JOINT CONTOUR AND ENGAGEMENT 
OF DRYSEAL PIPE JOINT BETWEEN TA CASE AND FITTING 

L - 9494 500 X 

JOINT. ETCHANT: VILLELA'S 
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T A  CASE 

c 

L - 950 1 - 3 4OX 

*.* . 

9Cr - 1Mo 
' CASE . 

, 

L - 9495 500 x L -9493 50 X 

C. BRAZED JOINT AFTER EXPOSURE. NO CROSS- BOND DIFFUSION 
OCCURRED BUT BRAZE ALLOY HOMOGENIZED STRUCTURE IS 
SEEN. ETCHANT : V l L L  ELA'S 

Simulated TA I n t e r s t a g e  Pressure  Tap Braze J o i n t  A f t e r  137 Hours a t  Figure 7-3 
1000°F i n  Air 
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1065 - 5 68 

SNAP-8 Tube-in-Shell B o i l e r  

Figure 8 
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TYPICAL AREA OF 
VISUAL SURFACE Hg 
CORROSION EFFECTS 

DISTANCE FROM Hg INLET END - FT 

A R  

0,002 

0.004 
- .- '. P 

.. "c/ 2 

Y-&:* p, t i h  

d>\ \ J'- \ 
--4 (6, - _  

x 'r/ 

WIRE L-9122 WIRE 

ICATED WHITE LINE REPRESENTS PRESUMED ORIGINAL WIRE SURFACE. ETCHANT: VILLELA'S 

Hg Corrosion Ef fec t s  on Core and Wire of Hg I n l e t  Flow R e s t r i c t i o n  
Plug which Produced a Hg Veloci ty  of  0.25 f p s  - Plug Removed from 
Tube Co i l  0-4 of -1 B o i l e r  After 1415 hours of Operation i n  RF'L-2 

9-3  
Figure # 9- 2 
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APE OF RIBBON PRODUCED DURING LONGITUDINAL 
CONTAINING INTERNAL RIBBON 

1 - 0.050 
I 
1 

- 0.040 
1 
1 
1 - 0.030 

0.020 

0.010 

0 IN CH 

- 0 INCH 
- 
- - 0.002 

50 X 9147 150 X 

lRCLED ABOVE) SHOWING BOTH SURFACES ACROSS 
BON THICKNESS 

3 8 - 1 / 2  FT  FROM Hg I N -  
HG SPONGY MASS TRANS- 
ilT IN POCKETS FORMED 
I DEFORMATION 

C. RIBBON AT 4 6 - 1 / 2  F T  FROM Hg I N -  
L E T  SHOWING DENDRITIC UNIFORM 
MASS TRANSFER DEPOSIT 

:us Sect ions of Tube C o i l  0-4 o f  -1 Boi l e r  
hours of Operation i n  RPL-2 Figure 10-2 
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Figure 15 
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Figure 16 
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NOTE. 1 COMPARED TO THE BASE 
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REFERENCE 9 
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